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Microelectrode arrays (MEAs) are pretreated with suitable surface molecules prior
to culturing of cells, since the properties of the substrate have a decisive eﬀect on
the adhesion, migration, diﬀerentiation, and the growth of the cells. The purpose of
this thesis is to study a few of these coating materials, and to evaluate their impact
on the performance of the MEA.
Standard 8× 8 MEA is used alongside the 6 well MEAs, and the diﬀerences in the
impedances and the noise magnitudes of the electrodes are analysed upon coating.
Experiments with neural cells were conducted in order to realise the repercussions
on real life applications. An eﬀort is also made to determine the thickness and
the surface texture of the coatings, using a stylus proﬁlometer and an atomic force
microscope (AFM) respectively.
Polyethyleneimine (PEI) and laminin, and gelatin coatings did not eﬀect any
signiﬁcant change in the overall performance of the MEAs, but a substantial increase
in impedance was observed with MatrigelTM. The experiments involving the cells
were inconclusive due to limitations in imaging. The thickness measurements of
the PEI and laminin, and gelatin coatings were unsuccessful, owing to the intrinsic
surface variations of the substrate. However, the thickness of the MatrigelTM coating
was found to increase with the concentration. Surface characterisation of the MEAs
revealed signiﬁcant variations in the surface roughness, with the addition of PEI and
laminin. The kinetics of adsorption of the PEI and laminin molecules to the sensor
slide was studied using surface plasmon resonance (SPR).
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ABBREVIATIONS AND NOTATION
AFM Atomic force microscope
BNC Bayonet Neill-Concelman
CE Counter electrode
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IHP Inner Helmholtz plane
MEA Microelectrode array
NDM Neural diﬀerentiation medium
OHP Outer Helmholtz plane
PBS Phosphate buﬀered saline
PDMS Polydimethylsiloxane
PEI Polyethyleneimine
RE Reference electrode
SCSI Small computer system interface
SNR Signal-to-noise ratio
USB Universal serial bus
WE Working electrode
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Ces Equivalent capacitance of the electrode-electrolyte interface
Ces,s Equivalent electrode capacitance within the seal area
CG Gouy-Chapman capacitance
CH Helmholz capacitance
CI Interface capacitance
Cin Input capacitance
Cm Capacitance of the cell membrane
Cm,s Collective membrane capacitance within the seal area
Cp Parasitic capacitance
Di Diﬀusion coeﬃcient of the ion
dOHP Thickness of the electric double layer
F Faraday's constant
in,rs Noise current at RS
in,res Noise current at Res
isig Ionic current from the cell
i(t) Time varying current
Jo Equilibrium exchange current density
k Boltzmann's constant
kc Rate constant of the reduction reaction
vii
keff Shift in spring constant
kn Free space wave number
ko Intrinsic spring constant
L Sample length
LD Debye length
n Empirical factor representing the surface inhomogeneities
n1 Number of samples
no Bulk number concentration of ions in the solution
ns Refractive index of the dielectric
q Elementary charge
r Radius of the electrode
R Gas constant
Ra Arithmetic average deviation from the mean
Rct Charge transfer resistance
Res Equivalent resistance of the electrode-electrolyte interface
Rm Resistance of the cell membrane
Rm,s Collective membrane resistance with the seal area
Rp Maximum peak height from the mean
Rpm Average peak-to-mean height
Rq RMS value of surface roughness
Rr Resistance of the routing path
Rs Solution resistance
RS Seal resistance
Rv Maximum valley depth from the mean
Rz Average peak-to-valley height
T Temperature
U∗c Compensation voltage
U∗s Sample voltage
Ut Thermal voltage
V0 Applied voltage
Vrms RMS noise voltage
Vn,in,res Magnitude of Res noise at the ampliﬁer input
Vn,in,rs Magnitude of RS noise at the ampliﬁer input
V (t) Time varying voltage signal
xi Noise amplitude at the instant i
Z Ionic charge of the solution
ZCPA Constant phase angle impedance
Z∗s Sample impedance
Z∗c Compensation impedance
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zi Charge of the ion
Zw Warburg impedance
Z(x) Proﬁle height measured from the reference line
β Propagation constant of the plasma wave
β∗ Symmetry factor
∆f Frequency bandwidth
∆φo Equilibrium potential
m Dielectric constant of the metal
o Permittivity of free space
r Permittivity of electrolyte
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11. INTRODUCTION
Microelectrode arrays or MEAs as they are commonly referred, were ﬁrst described
by Thomas et al. in 1972, for the purpose of obtaining extracellular recordings from
the electrogenic cells cultured in vitro. Since then several advancements have been
made, and with increasing demand, custom designed layouts have been developed
as necessitated by the speciﬁc requirements. Nowadays MEAs play a signiﬁcant
role in the basic electro-physiological study of the cardiomyocytes (Reppel et al.
2004), and are employed in the conduction studies of the human embryonic stem
cell derived cardiomyocytes (Kehat et al. 2002). In addition to the drug screening
and the toxicological studies (Bal-Price et al. 2010; Ylä-Outinen et al. 2010), MEAs
are also widely employed in measuring neuronal activity from acute tissue slices,
primary cells and their cell lines (Gross 1979; Johnstone et al. 2010). The list
continues, but nevertheless, depending on the application, the MEA is to be treated
with suitable surface molecules prior to use, as cellular interaction with the MEA
surface is mediated through these molecules.
The surface molecules are usually complex proteins or polymers with electrically
charged groups, but as they are largely composed of carbon, hydrogen, and oxy-
gen, they are inherently poor conductors of electricity. Their conductivity further
varies with the orientation, molecular association, denaturation, and variations in
the internal conformation. However, since these molecules have a decisive eﬀect on
the adhesion, migration, diﬀerentiation, and growth of the cells, it is essential to
understand the impact of these coatings on the performance of the MEA, as large
impedances can drastically aﬀect the charge transfer capacity at the interface.
Studies employing electrical impedance spectroscopy have long been conducted
to evaluate the inﬂuence of the coatings on the electrodes. Liu et al. (2010) ex-
perimented with a thin ﬁlm of agarose coating on an array of interdigitated micro-
electrodes and noticed no signiﬁcant diﬀerence in the magnitude of the impedance
upon coating. However, the eﬀect of collagen I on iridium oxide micro-needles was
observed to be well pronounced by Karp et al. (2008), with the impedance increasing
by more than 10 fold, except the coating was not intended for cell culture. Elec-
trostatic self-assembly of alternating polyelectrolytes such as PEI or chitosan, with
proteins laminin or gelatin was studied by He & Bellamkonda (2004), and these
nano-scale multi layered coatings were not found to elicit any signiﬁcant change in
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the magnitude of the electrode impedance.
Although these studies provide quite conclusive results, the main objective of
this thesis is to study the coatings used by the research groups at the Institute of
Biomedical Technology (IBT), University of Tampere, Finland, and evaluate their
inﬂuence on the overall impedance and the noise magnitudes of the MEA electrodes.
The thesis also aims at determining the thickness and the surface texture of these
surface molecules, using the stylus proﬁlometer and the atomic force microscope
(AFM) respectively.
Similar studies have been conducted by Bougas et al. (2011) utilising ellipsom-
etry, wherein the change in the polarization of the incident radiation as it interacts
with the material, quantiﬁed by the phase diﬀerence and the amplitude ratio is
used with the McCrackin (1969) algorithm to determine the thickness of the pro-
tein coating. He & Bellamkonda (2004) employed quartz crystal microbalance to
measure the thickness of the coating. Molecular adsorption on the electrode surface
results in a decrease in the oscillation frequency of the quartz crystal, and the linear
dependence between this frequency shift and the adsorbed mass provided by the
Sauerbrey (1959) equation, is then used to determine the coating thickness.
However, compared to the two former techniques proﬁlometer oﬀers a relatively
simple and a straight forward approach to measure the thickness of the coating.
Besides, the other techniques mentioned above do not provide information pertaining
to the uniformity of the coating.
The following chapter provides a brief explanation on the theory of microelec-
trode arrays, and the surface molecules utilised to coat the MEA surface. The
electrochemical interface that develops along the electrode surface, and its inﬂuence
on the overall impedance and the noise of the sensor is discussed as well, together
with the working principle and the basics of the several measurement techniques
employed in this study. The ensuing chapter focuses on the material and the meth-
ods employed in the experiments, including that involving the cells. The results
are presented and discussed subsequently. The conclusions on the thickness and the
eﬀect of the coatings on the performance of the MEAs are made thereafter, along
with the prospects for further deliberation in this regard.
32. THEORETICAL BACKGROUND
Electrogenic cells regulate vital processes in the human body such as neurotransmis-
sion, information processing, synchronised beating of cardiomyocytes etc., and the
electrical activity of these cells can be studied through intracellular or extracellular
methods. In intracellular technique, electrodes are inserted or clamped to the cell
and the electric ﬂux across the membrane is measured. External micro-transducers
are employed in extracellular methods to measure ionic concentration outside the
cell membrane. In either of these methods, the simultaneous and inter-dependant
activity of the cells in response to environmental and/or contextual stimuli can be
crucial, as in cellular signalling. In such cases, wherein the behaviour of the cells
and/or the network characteristics are to be studied simultaneously at a high spatial
resolution, microelectrode arrays are required. (Jones et al. 2011)
2.1 Microelectrode Array
Microelectrode array is a two dimensional grid of electrodes or micro-transducers,
with at least one dimension small enough in the range of 0.1 to 50 µm (Montenegro
et al. 1991). The electrodes are embedded in an insulating substrate, which is
usually glass for in vitro applications, such that each electrode is independent of its
neighbours, as presented in Figure 2.1. When coupled to a diﬀerential ampliﬁer,
these micro-transducers can measure voltage or current with respect to a common
reference. (Jones et al. 2011)
Figure 2.1: Circular, ﬂat micro-electrodes aligned in a standard 8 × 8 grid, seen
together with the tracks laid to establish contact with the external circuit. (Micro-
electrode Array Manual 2012)
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In addition to measuring the potential or intrinsic activity of the cell, some
MEAs are also capable of stimulating the electrogenic cells by delivering a current or
voltage pulse, thereby eliciting a response which is recorded by the non-stimulating
electrodes (Grumet et al. 2000; Wagennar et al. 2005; Haﬁzovic et al. 2007; Heer et
al. 2007). Therefore in principle, MEA can be deﬁned as a two dimensional array of
voltage probes designed for electrical stimulation and/or monitoring of the electrical
activity of the cell(s) (Fejtl et al. 2006). Based on the application or ﬁeld of use,
there are several types and/or layouts of MEAs available. Two of these commercial
MEAs, the standard 60 electrode 8 × 8 MEA, and the 6 well MEA manufactured
by Multi Channel Systems MCS GmbH, Reutlingen, Germany, are discussed below.
Standard 8 × 8 MEA
The standard 8 × 8 MEA has 60 electrodes arranged in a 8 × 8 layout as illustrated
earlier. The electrodes in general are ﬂat and circular, about 10 µm or 30 µm in
diameter, and are positioned with an inter-electrode distance of 100 µm or 200 µm
from the center of one another. However, depending on the requirement, one of these
electrodes may be replaced with a large internal reference electrode as represented
in the Figure 2.2(b).
a) b) c)
Figure 2.2: The electrode placement on the surface of the standard MEA without
the reference electrode is illustrated in (a), and the same with the internal reference
electrode is presented in (b). The glass ring that forms the culture chamber around
the MEA electrodes is pictured in (c). (Multi Channel Systems MCS GmbH 2013)
Titanium nitride is used to make the electrodes, as it is very stable and suitable
for long term experiments, lasting for several weeks or months. The standard tracks
are either made of titanium or indium tin oxide, and the contact pads of titanium
nitride. The MEAs are heat-stabilized, robust and reusable, hence they can be
autoclaved and employed in a wide variety of procedures for in vitro cell, and tissue
cultures. Glass rings similar to the one depicted in Figure 2.2(c) are then utilised
to form the culture chambers. (Microelectrode Array Manual 2012).
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6 Well MEA
The 60 electrode, 6 well MEA contains 6 distinct electrode chambers, with nine
electrodes each, positioned in a 3 × 3 grid, together with an internal reference
electrode in each chamber, as shown in the Figure 2.3. The electrodes are 30 µm in
diameter, and are arranged with an inter-electrode distance of 200 µm.
a) b)
Figure 2.3: The electrode placement on the surface of the 6 well MEA is repre-
sented in (a). The rings used in isolating the MEA chambers are portrayed in (b).
(Microelectrode Array Manual 2012)
At the center of the MEA is another reference electrode, used primarily for
grounding purposes. All the reference electrodes are connected to each other. The
electrodes and the contact pads are made of titanium nitride, whereas the tracks are
made of titanium, with silicon nitride being employed as the insulator. The chambers
are separated using glass or macrolon rings, so that six independent experiments can
be carried out at once. The MEAs are heat-stabilized, robust and reusable, hence
they can be autoclaved and utilised in a wide variety of procedures for in vitro cell,
and tissue cultures. (Microelectrode Array Manual 2012)
2.2 MEA Coatings
Microelectrode arrays are preferred for cell cultures largely for the multi-site, non-
invasive, simultaneous extracellular recordings that are obtained without mechanical
stimulation of the cell; something that is hardly avoidable in conventional recording
methods. The cells cultured on MEAs adhere ﬁrmly to the substrate and contract
isometrically, thereby eluding from any motion artifacts that could aﬀect the signal-
to-noise ratio, usually abbreviated as SNR. However prior to culturing of cells and/or
tissues, the substrate is pre-treated and coated with suitable surface molecules such
as cellulose nitrate, ﬁbronectin, collagen etc., as surface properties of the substrate
have a decisive eﬀect on adhesion, migration, diﬀerentiation, and growth of the cells.
(Egert & Meyer 2005)
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A few of these coating materials such as a) polyethyleneimine and laminin, b)
gelatin, and c) MatrigelTM, that are employed in neural and cardiac applications are
examined in this section.
2.2.1 Polyethyleneimine and Laminin
Polymers are preferred attachment promoting factors, as they are inexpensive and
easily synthesised, while some even exhibit biocompatibility and biodegradability
(Lakard et al. 2004; Vancha et al. 2004). Polyethyleneimine or PEI as it is referred, is
an organic polymer with a general backbone of (CH2CH2NH)n, as represented in Fig-
ure 2.4. It can either be a linear or a branched polymer, and carries a cationic charge
due to the high density of the protonated amino groups. The extent of protonation
of the nitrogen atoms and by extension the overall charge density of PEI therefore
depend upon the pH. On coating, these positively charged groups on the substrate
bind with the negatively charged cell membrane, thereby preventing the cells from
migrating. (He & Bellamkonda 2004; Product Information: Polyethyleneimine so-
lution 2011)
NH NH2
+ NH NHNH2
+
NH2
+NH
a)
b)
N
H
N
NN
H
N
N
H
2NH
N
2NH n
2NH
H2N
Figure 2.4: The repeating structural unit of PEI is represented in (a). The distri-
bution of the chemical groups on the glass surface, after modiﬁcation with PEI is
illustrated in (b). (Liu et al. 2006; Product Information: Polyethyleneimine solution
2011)
Laminin, on the other hand, is an extracellular matrix glycoprotein and a cru-
ciform heterotrimer composed of three diﬀerent glycosylated polypeptide chains, α,
β, and γ. Structurally they are large T-shaped molecules, comprising one long arm
and two or three short arms, as depicted in the Figure 2.5. The long arm is in parts
made of three chains, whereas the short arms are formed of just one chain each.
(Aumailley et al. 2005)
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Figure 2.5: The structure of the laminin I molecule, a cruciform heterotrimer. (Liu
et al. 2006)
Laminin is a very eﬀective cell adhesive, and is quite extensively used for in
vitro neuronal cultures, since it aids in cell (axon) development, diﬀerentiation and
migration (He & Bellamkonda 2004). Besides, rapid adhesion of neurons to laminin
permits even distribution of the cells, which otherwise tend to aggregate if the
adhesion is slow (Lindsay et al. 1991).
The coating is prepared using electrostatic layer-by-layer assembly, as ﬁne control
over the layer thickness is achieved using this technique. The electrostatic force of
attraction between the charged surface and the oppositely charged polycation is the
basis for electrostatic layer-by-layer self assembly. In this case, the polycationic PEI
ﬁrst renders the negatively charged glass substrate positive (Egert & Meyer 2005)
as illustrated in Figure 2.4(b). When laminin is added thereafter, the amino groups
of PEI interact with the carboxyl groups of laminin, thereby forming the substrate
for the cell culture. (He & Bellamkonda 2004; Liu et al. 2006)
2.2.2 Gelatin
Gelatin is a polypeptide that is obtained through thermal hydrolysis of collagen.
It contains a heterogeneous mixture of high average molecular weight proteins that
are extracted from the skin, bones, tendons, ligaments, etc. Based on the retrieval
process followed, gelatin is classiﬁed as a) Type A when derived from acid-cured
tissue, and b) Type B if obtained from lime-cured tissue. Gelatin contains carboxyl,
amino, and guanidino groups on the side chains, which greatly inﬂuence on the
charge it carries. However, Type A gelatin is electrically neutral in the physiological
pH range. (Product Information: Gelatin 2013)
The exact structure of gelatin is diﬃcult to determine, since the characteristics
change when it is allowed to dry. At concentrations greater than 1 %, AFM images of
gelatin reveal ﬁbril like structures. However, gelatin in concentrations less than 1 %
form spherical aggregates interspersed with the ﬁbril like structures. (Yang & Wang
2009) It is employed in cultures, as cells, and in particular the endothelial cells adhere
to gelatin quite well, and it does not interfere with the process of diﬀerentiation,
unlike many other extracellular matrix proteins (Ingrid et al. 1998). Similar to
2. THEORETICAL BACKGROUND 8
the coating procedure followed for PEI and laminin, gelatin is coated based on self
assembly.
2.2.3 MatrigelTM
MatrigelTM, also known as CultrexTM or just reconstituted basement membrane, is
an extract of basement membrane proteins, from a tumour with abundant extracellu-
lar matrix proteins, the Engelbreth-Holm-Swarm mouse sarcoma. Laminin, followed
by collagen IV, and heparan sulphate proteoglycans mainly constitute MatrigelTM.
(Kleinman & Martin 2005)
MatrigelTM remains as a liquid when maintained at a temperature of 4 ◦C, but
when physiological conditions are mimicked, and the temperature is increased to 37
◦C, the components polymerise to form a gel with ultra thin structures, that appear
as interconnected sheets. This gel formation is highly dependent on temperature,
with maximum polymerization taking place at 35 ◦C, and a lack of interaction
at temperatures as high as 50 ◦C, suggesting thermal denaturation of a critical
constituent. The gelled components, linked by relatively strong non-covalent bonds
form a bioactive growth surface, that promotes attachment, and diﬀerentiation of
several cell types, and hence is preferred in varied cell cultures. (Kleinman et al.
1985; Kleinman & Martin 2005)
Extensive dilution of MatrigelTM on the other hand, results in the formation of a
thin protein layer at elevated temperatures. This is more suited for cell attachment,
but not so much for diﬀerentiation studies. (MatrigelTM: Guidelines for use 2012)
2.3 MEA Recordings
In order for MEA, or any other electrode for that matter, to be used in biomedical
applications, a low impedance electrode-electrolyte interface is crucial. Especially
when microelectrodes are involved in high resolution stimulation and/or in vitro
monitoring of the electrogenic cells. A high impedance would cause large voltages to
develop at the electrodes during stimulation, resulting in undesirable electrochemical
reactions that can be harmful to the cells. In addition, the extracellular signals
obtained from the neural cells, on the order of microvolts may be lost in the ionic
ﬂuctuations of the surrounding electrolyte. (Franks et al. 2005) The electrode-
electrolyte interface, together with these factors aﬀecting the MEA recordings such
as impedance, and noise are elaborated below.
2.3.1 The Electrode-Electrolyte Interface
When the MEA electrodes are immersed in an electrolyte, they are electrically neu-
tral at the very instant of contact with the solution. However, anisotropic forces
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instantaneously act on the particles along the phase boundary, resulting in the ac-
cumulation or redistribution of charges at the metal-electrolyte interface. Further-
more, transfer of electrons between the electrode and the electrolyte results in the
formation of an electric ﬁeld across the interface. This in turn accelerates oxidation
or loss of electrons (A → A+ + e−), and inhibits reduction or the gain of electrons
(A+ + e− → A), until an equilibrium is reached eventually, whereby the currents
induced due to the transfer of electrons to and from the electrode are balanced.
(Borkholder 1998; Bockris et al. 2002)
The excess charge on the electrode also impacts the electrolyte by orienting
the water dipoles along the surface of the electrode, thereby forming a hydration
sheath as illustrated in Figure 2.6. Furthermore, partly oblivious to the electrode
charge, chemically dependent adsorption or speciﬁc adsorption of ions occur along
the electrode surface, further aﬀecting the space charge density at the interface.
These ions are interspersed with the oriented dipoles as can be observed from Figure
2.6. (Borkholder 1998; Bockris et al. 2002)
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Figure 2.6: The schematic representation of the electriﬁed electrode-electrolyte in-
terface, adapted from Bockris et al. (2002).
The locus of centres of these ions, or the oriented dipoles as described in some
texts is known as the inner Helmholtz plane, IHP. Closely following the water dipoles
are the sheath of solvated ions, whose locus of centres is referred to as the outer
Helmholtz plane, abbreviated here as OHP. The net outcome of the arrangement of
these charges, and the oriented solvent dipoles is the electric double layer, an elec-
triﬁed interface that describes the inter-phase region across the electrode-electrolyte
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phase boundary. Several theories have been developed in order to deﬁne this inter-
face, as will be discussed below. (Borkholder 1998; Bockris et al. 2002)
2.3.2 The Electrode-Electrolyte Interface Impedance
Electrode-electrolyte equivalent circuit models using passive elements have been
proposed by many, in order to understand and study the physical process occurring
at the interface. Based on one such circuit model put forth by Randles (1947),
the physical quantities primarily contributing to the interface impedance are a)
constant phase angle impedance or the impedance due to interface capacitance,
ZCPA, b) charge transfer resistance, Rct, c) solution resistance, Rs, and d) Warburg
impedance, Zw, as modelled in the Figure 2.7 (cited in Niklasson et al. 2005).
Metal
ZCPA
Rct
Solution
Rs
ZW
Figure 2.7: Equivalent circuit of the electrode-electrolyte interface. Modiﬁed from
Randles (1947), cited in Niklasson et al. (2005).
Impedance due to Interface Capacitance
Interface capacitance is the double layer capacitance at the interface of the metal
electrode and the electrolyte. Initial theories formulated by Helmholtz and Perrin
suggest the electriﬁed ﬁeld at the interface to constitute two rigid sheets of charge
densities, resembling a parallel plate capacitor, both equal in magnitude but oppo-
site in sign. The Helmholtz interface capacitance, CH is then presented using the
empirical relation,
CH =
or
dOHP
(2.1)
where, dOHP represents the thickness of the double layer, o is the permittivity of
free space, and r is the permittivity of the electrolyte. However, this simple model
is inadequate, as it fails to account for the dependence of capacity over potential.
Gouy and Chapman modiﬁed the model by liberating the ions and rendering them
mobile. This exposes the ions to thermal forces, in addition to the electric forces
experienced from the electrode. The charge density originally concentrated at the
OHP, diﬀuses with the increasing distance away from the electrode, until it reaches
zero, wherein motion due to the thermal forces reign supreme. (Bockris et al. 2002)
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The Gouy-Chapman capacitance, CG in this case is obtained as,
CG =
or
LD
 cosh Zφo
2Ut
(2.2)
Here, Z is the ionic charge of the solution, Ut is the thermal voltage, and LD is the
Debye length, provided by the equation,
LD =
orUt
2noZ2q
(2.3)
The variable no denotes the bulk number concentration of the ions in the solution,
and q represents the elementary charge. The model is still considered a failure, as it
overestimates the capacitance, partly because of neglecting the ion-ion interactions,
and the change in the dielectric constant. Stern combined the concept of bound ions
at the interface with the diﬀused ion cloud beyond, and synthesised the interface
capacitance, CI as in equation 2.4; A combination of Helmholz capacitance, and
Gouy-Chapman capacitance in series. (Bockris et al. 2002)
1
CI
=
1
CH
+
1
CG
=
dOHP
or
+
LD
or cosh
Zφo
2Ut
(2.4)
The eﬀect of speciﬁc adsorption of ions along the surface of the electrode, on the
interface capacitance is not studied here, owing to complexity. The constant phase
angle impedance is the measure of the non-faradaic impedance, and is expressed as,
ZCPA =
1
(jωQ)n
(2.5)
The variable Q denotes the magnitude of CI , n is an empirical factor representing
the surface inhomogeneities, such that 0 ≤ n ≤ 1, and ω = 2pif . When n = 1, ZCPA
is purely capacitive, corresponding to the interface capacitance. (Franks et al. 2005)
Charge Transfer Resistance
Charge transfer resistance is a characteristic quantity, indicating the inherent speed
of the faradaic charge transfer occurring at the electrode-electrolyte interface by
means of oxidation-reduction reactions. It is given by the expression,
Rct =
RT
FzJo
(2.6)
Here, R is the gas constant, T is the temperature, F is the Faraday's constant,
z is the number of electrons involved in the redox reaction, and Jo is the equilib-
rium exchange current density, whose magnitude can be acquired from the following
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equation,
Jo = FkccAe
−β∗F∆φo
RT (2.7)
where, kc is the rate constant of the reduction reaction, cA is the concentration of
the ions A in the solution at the interface, β∗ is the symmetry factor, and ∆φo is
the equilibrium potential. (Franks et al. 2005)
Solution Resistance
Solution resistance is the resistance measured between the working and the reference
electrodes. In other words, it is the resistance encountered by the current when
spreading from the electrode out into the solution. On the assumption that the
working electrode is rounded and surrounded by an electrolyte, and that the counter
electrode is inﬁnitely large, Rs is obtained using the formula,
Rs =
ρ
4r
(2.8)
The parameter r represents the radius of the electrode, and ρ denotes the resis-
tivity of the electrolyte. Unlike CI , and Rct, solution resistance depends upon the
geometric area and not the total surface area of the electrode. (Franks et al. 2005)
Warburg Impedance
When an alternating current ﬁeld is applied, the negative ions diﬀuse towards the
electrode during the positive phase of the ﬁeld, repelling the positive ions away,
until the negative phase begins and the reverse occurs. This diﬀusive motion of the
ions under the inﬂuence of the alternating current ﬁeld contributes to the Warburg
impedance. It has been shown that the impedance has a phase angle of 45 degrees,
and is proportional in magnitude to ω−
1
2 . The impedance value is given as,
|Zw| = 1
2
RT
ziF
2
 1
ci
√
1
Di
(2.9)
Here, zi is the charge of the ion concerned, ci is its concentration, and Di is its
diﬀusion coeﬃcient. However, at higher frequencies and concentration, Warburg
impedance is almost negligible when compared with the other impedance values.
(Warburg 1899, cited in Bockris et al. 2002)
2.3.3 Electrode-Cell Interface Impedance
The electrode-cell interface can be represented electrically as shown in Figure 2.8.
It includes the electrode-electrolyte interface which features the interface capac-
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itance, charge transfer resistance, and the diﬀusion related Warburg impedance.
The spreading resistance Rs can be neglected in this case, as the electrode radius is
larger, at least twice or thrice in magnitude than the average distance between the
cell and the electrode (Joye et al. 2009).
                                                   Cell
Electrode
RS
Rm,s
Cm Rm
Rr
Cin
RctCI
Zw
Reference
electrode
Vm
Vin
Cp
Cm,s
Figure 2.8: Electrical equivalent circuit model of the cell-electrode interface as rep-
resented by Guo et al. (2012).
The three component equivalent circuit of the electrode-electrolyte interface can
be equivalently represented by a frequency dependant resistor Res(ω), and capacitor
Ces(ω) placed in parallel, such that,
Res(ω) = Rct +Rw(ω) +
Iw(ω)
2
Rct +Rw(ω)
(2.10)
Ces(ω) = CI − 1
ω
Iw(ω)
(Rct +Rw(ω))2 + Iw(ω)2
(2.11)
The cell forms a seal with the electrode at the electrode-cell interface, which al-
though distributed can be represented electrically through a seal resistance RS. The
cell membrane also exhibits capacitance Cm, and resistance Rm parallel to the seal
resistance. The collective membrane capacitance and resistance within the seal area
are represented as Cm,s and Rm,s respectively, whereas the equivalent electrode ca-
pacitance within the seal area is represented as Ces,s. The resistance of the routing
path Rr, which usually employs metal wires is less than 1 Ω, and thus negligible.
Besides the input capacitance Cin, parasitic capacitance Cp develops at the interface,
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which can be attributed to two factors,
1. The coupling capacitance between the routing metal of the electrode and the
ground plane, which could be a conductive substrate, solution, or the routing
metal of another electrode.
2. The double layer or interface capacitance at the region of the electrode not
covered by the cell. (Guo et al. 2012)
2.3.4 Noise
Noise is intrinsic in all measurement systems and signal sources. In the measure-
ments using MEAs though, the noise could be broadly conﬁned into a) electrode
noise, b) biological noise, c) electronic noise, and d) noise from external factors.
Noise due to the external electromagnetic sources, such as power line interference at
50 Hz, and electronics can be reduced through careful shielding of the measurement
setup, and via design of low noise electronic conﬁgurations respectively. The two
other noise sources electrode noise, and biological noise are discussed in detail below.
(Borkholder 1998)
Electrode Noise
Electrode noise is the intrinsic noise generated at the electrode-electrolyte interface.
It has been empirically determined to be thermal by Gesteland et al. (1959), and
the RMS noise voltage in a narrow frequency bandwidth is given by the standard
Johnson noise equation as,
Vrms =
√
4kTRes∆f (2.12)
where, k is the Boltzmann's constant, T is the absolute temperature, and ∆f is the
noise bandwidth. It is to be noted that Res is the eﬀective resistance of the electrode
at the same frequency. As in practice, the impedances vary with frequency due to
diﬀusion related processes. Also, the equation assumes that the system is at thermal
equilibrium, indicating that the current ﬂowing through the electrode is zero, and
that no chemical reaction is taking place at the surface of the electrode. (Gesteland
et al. 1959)
At the cell-electrode interface though, the electrode noise is inﬂuenced by both
RS, and Res. The frequency dependant noise models developed by Guo et al. (2012)
at the electrode-electrolyte and cell-electrode interface are presented in Figure 2.9,
and Figure 2.10 respectively.
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Cin Cp
Ces(w)
Res(w) Vn,res(w)
Figure 2.9: The frequency dependant noise model at the electrode-electrolyte inter-
face, adapted from Guo et al. (2012).
Cin Cp
Ces,s(w)
Res(w) Vn,res(w)
Cm,s(w)
RS(w) Vn,rs(w)
Figure 2.10: The frequency dependant noise model at the cell-electrode interface
(Guo et al. 2012).
Equivalent noise circuits have been derived by Guo et al. (2012) based on the
noise models in Figure 2.11. Here isig is the ionic current from the cell, and in,rs,
and in,res are the noise currents at RS and Res respectively. Using these equiva-
lent circuits, the amplitude of Res noise low pass ﬁltered to the ampliﬁer input is
determined as,
Vn,in,res = in,resRes
1 + sRSCm,s
[1 + sRes(Ces,s + Cin + Cp)][1 + sRS(Cm,s + Cin + Cp)]
(2.13)
The magnitude of the RS noise, low pass ﬁltered to the ampliﬁer as obtained by
Guo et al. (2012) is,
Vn,in,rs = in,rsRS
1 + sResCes,s
[1 + sRes(Ces,s + Cin + Cp)][1 + sRS(Cm,s + Cin + Cp)]
(2.14)
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c) Cm,s
Rs
Ces,s Res
Cp Cin
Vn,in,rs
in,rs
a)
Cm,s
Rs
Ces,s Res
Cp Cin
Vin
isig
b) Cm,s
Rs
Ces,s Res
Cp Cin
Vn,in,res
in,res
Figure 2.11: The equivalent circuits utilised by Guo et al. (2012) in determining the
noise across the resistances RS, and Res.
Biological Noise
Biological noise is inherent to the living system and is often in the same spectral
band as the signal of interest, as in the case of action potential measurement, where
electrical activity from the neighbouring cells could contribute to the overall noise.
However in the study of impedance characteristics of the cell membrane, biological
noise is much harder to determine with the changes in cell-substrate coupling, and
motility of the cell. (Borkholder 1998)
Experiments conducted by Borkholder (1998) indicate a possible change in impedance
with regard to cellular motility, and swelling of the cells. Biological noise from the
neighbouring cells can be subdued to an extent by inhibiting cellular attachment in
the regions at close proximity with the electrode. In addition, isolation from any
uncorrelated noise is also possible using suitable signal processing techniques such
as averaging. However, there are no electronic or averaging techniques to do away
with the consequence of motility, and/or swelling of the cell on the overall noise.
(Borkholder 1998)
2.4 Measurement Techniques
In order to obtain the impedance and noise characteristics of the MEA, together
with the surface characterization of the coated surfaces, several diﬀerent measure-
ment methods need to be adopted. The working principle and other related infor-
mation relevant to the measurement techniques implemented in this work such as a)
impedance analysis, b) surface texture analysis, and c) surface plasmon resonance
are brieﬂy discussed in this section.
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2.4.1 Impedance Analysis
Two distinguished techniques can be employed in the analysis of impedance, a) I-V
method and b) AC impedance bridge compensation method.
The I-V method involves direct phase sensitive recording of the sample current
and voltage, wherein an electrical signal comprising of a known voltage or current
is applied, and the corresponding response current or voltage is recorded. The ap-
proach diﬀers based on the type of stimulus used such as a) step function of voltage,
b) signal composed of white noise, and c) single frequency voltage or noise signal.
The three classiﬁcations are further discussed below.
Step function of voltage
A step function of voltage V(t), such that V(t) = V0, for t > 0; and V(t) = 0, for
t < 0 is applied to the system at time, t = 0, and the time varying current, i(t)
is measured. The impedance obtained as a ratio of V0 and i(t) is referred to as
the indicial impedance. Fourier transform is applied thereafter to the time varying
results, to obtain the relevant frequency dependent impedance. Suitable windowing
techniques are necessary to correct the distortions arising due to the non-periodicity
of excitation. Besides being experimentally easy to accomplish, the advantage of
this method is that the rate of electrochemical reaction occurring at the interface
can be controlled with the applied voltage, V0. The disadvantages on the other
hand include the need to perform transformations, and since the signal-to-noise
ratio varies between diﬀerent frequencies, the impedance is not well determined over
the frequency range of interest. (Macdonald & Johnson 2005)
Signal composed of white noise
A signal V(t), composed of random white noise is applied to the interface, and the
resulting current is measured. Fourier transform is then employed to obtain the
frequency dependent impedance. Since the signal is applied to the interface only
for a short period of time, rapid data collection is possible using this approach.
Also, a sum of sine waves could be used instead of white noise for excitation, as
it oﬀers better signal to noise ratio at each desired frequency. The limitations of
this technique however include the need for white noise and Fourier transformations.
(Macdonald & Johnson 2005)
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Single frequency voltage or current signal
Voltage or a current signal with a single frequency is applied to the interface, and the
resulting current, or phase and amplitude, or real and imaginary parts of impedance
are measured either using analog circuits or through fast Fourier transform of the
response. Several commercial equipment exploit this approach owing to its ability
to achieve a relatively better signal-to-noise ratio in the desired frequency range.
(Macdonald & Johnson 2005)
The second method in impedance analysis is the AC impedance bridge compen-
sation technique. It requires balancing of the current ﬂowing through the sample
impedance Z∗s and the compensation impedance Z
∗
c , as illustrated in Figure 2.12.
(Kremer & Schönhals 2003)
Us*
Zs*
Uc*
Zero Voltage 
Detector
Zc*    
I0*
Figure 2.12: The schematic of an AC impedance bridge as designed by Kremer &
Schönhals (2003).
As the known voltage U∗s forces a current through the sample impedance, the
variable amplitude-phase generator drives a current through the compensation impedance.
The diﬀerence in currents between the two hands of the bridge is detected by the
zero voltage detector, which then suitably alters the amplitude and the phase of the
of amplitude-phase generator, so that the bridge is balanced and the net current I∗0
is zero. The system is then said to be in equilibrium, and the impedance is given as,
Z∗s (ω) =
U∗s (ω)
U∗c (ω)
 Z∗c (ω) (2.15)
AC impedance bridges operate typically over a frequency range of 10 Hz to 10 MHz,
at relatively short measurement intervals, and can measure impedances upto 100
MΩ. (Kremer & Schönhals 2003)
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2.4.2 Surface Texture Analysis
Surface texture refers to any local deviation from the nominal or ideal surface that
forms the surface topography, and includes surface roughness, waviness, lay, and
ﬂaws. Surface roughness in general represents the diﬀerential height of the surface
in relation to the reference plane, obtained along an individual line proﬁle, or along
a batch of parallel line proﬁles rendering surface maps. Surface roughness is mostly
characterised by one of the two following statistical height descriptors,
Ra is the arithmetic average deviation from the mean, and is evaluated using the
formula,
Ra =
1
L
∫ L
0
|z −m|dx (2.16)
m =
1
L
∫ L
0
zdx (2.17)
where, L is the proﬁle length, z(x) is the proﬁle height measured from the reference
line. (Bhushan 2013)
Rq is the RMS value of surface roughness, obtained by the equation,
Rq =
√
1
L
∫ L
0
z2(x)dx (2.18)
Other height descriptors in limited use are Rp, Rv representing the maximum peak
height from the mean, and the maximum valley depth from the mean respectively,
and Rz, Rpm portraying the average peak-to-valley height, and average peak-to-mean
height correspondingly. (Bhushan 2013)
Surface roughness can be acquired with an AFM using three diﬀerent approaches,
a) contact method, b) intermittent contact method, and c) non-contact method as
described below.
Contact Method
Contact method requires the measurement component to establish physical contact
with the measurement surface or sample. The methodology in this case is explained
with respect to a stylus proﬁlometer. The stylus arm is positioned against the
sample and traversed across the stationary sample at a constant speed as illustrated
in Figure 2.13. Relative movement of the sample surface with reference to the stylus
is also plausible. The vertical displacement of the stylus, corresponding to the
surface variations are mechanically coupled to a transducer such as a linear variable
diﬀerential transformer, LVDT. The LVDT generates a corresponding analog signal,
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that is ampliﬁed, conditioned, digitised, and rendered as a function of the position
of the stylus tip. (Chi et al. 2010; Bhushan 2013)
Figure 2.13: The image of the mechanical stylus positioned in contact with the sample
surface, obtained from Dektak XT Stylus Proﬁling System - Brochure (2011).
Although the method is demonstrated to detect minute surface variations, the lo-
cal pressure developed along the area of the substrate in contact with the stylus may
eﬀect localised, yet signiﬁcant elastic deformation of the measured sample. When
the pressure exceeds the hardness of the material, plastic deformation can occur,
resulting in measurement errors and undesirable damage to the sample. Besides,
the ﬁnite dimensions of the stylus tip may distort the surface proﬁle, exaggerating
the radius of curvature of the peaks and/or misrepresenting the valleys as cusps, as
shown in Figure 2.14. (Bhushan 2013)
Stylus tip
Traced profile
Original profile
Figure 2.14: The misrepresentation of the proﬁle owing to the ﬁnite size of the stylus
tip, as presented by Bhushan (2013).
Intermittent Contact Method
Intermittent contact method, as the name suggests involves slight tapping of the
surface by the oscillating cantilever assembly. The cantilever is vibrated at a certain
amplitude, referred to as the free amplitude, before it engages the sample. The
amplitude is maintained large enough, so as to prevent the tip from sticking to the
sample under the inﬂuence of the adhesive forces. (Bhushan 2008)
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The inﬂuence on the amplitude as it contacts the surface is used to determine the
set point, which is the ratio of the vibration amplitude after engagement with the
sample to the amplitude before engagement in free air. A reduced amplitude means
a lower set point, which in turn reﬂects the closer mean tip-to-sample distance.
The schematic representation of intermittent contact mode is provided in Figure
2.15. Intermittent contact method can be used for measuring the topography of
soft substrates, as it employs a lower average load compared to the contact mode,
thereby minimizing the eﬀect of friction and other lateral forces, and reducing sample
damage. (Bhushan 2008)
Sample
x-y-z piezo
Extender 
electronics
Controller Computer
Laser
Photo 
detector
z control x-y control
Cantilever 
piezo
Figure 2.15: Schematic representation of the intermittent contact mode used in to-
pography measurements, adapted from Schirmeisen et al. (2008).
Non-Contact Method
Non-contact method is principally based on the static electric repulsive forces be-
tween the ion cores, and the attractive forces that exist between the valence electrons
and the ion cores, of atoms placed a short distance apart. Unlike the intermittent
contact approach, it employs cantilevers that are made to vibrate near the sample
surface, from as close as a few tens to hundreds of nanometres. This precise tip-
sample spacing control enables the cantilever to steer clear of any physical contact
with the surface, as presented in Figure 2.16. (True Non-Contact ModeTM 2013)
Sample
Cantilever tip
Figure 2.16: The interaction between the cantilever tip and the sample in non-contact
method (True Non-Contact ModeTM 2013).
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As the distance between the tip of the probe and the atoms on the sample
becomes much shorter, repulsive Coulomb interactions between the ion cores are
recorded. Whereas when the distance gets relatively large, the ion cores are trans-
formed into electric dipoles, owing to the valence electrons in the neighbouring
atoms. This generates a van der Waals force of attraction between the electric
dipoles. Due to this attractive force between the tip of the probe and the atoms on
the sample surface, the cantilever vibration near its resonant frequency experiences
a shift in the spring constant, given by the following expression as,
keff = ko − δF
∗
δz
(2.19)
where, ko is the intrinsic spring constant, and F ′ = δF ∗/δz is the force gradient. As
the attractive forces are applied, keff becomes smaller than ko, which renders the
force gradient positive, and the interaction between the surface and the tip stronger.
(True Non-Contact ModeTM 2013)
Non-contact mode therefore aids in preserving the sensor tip and the sample.
It however risks accidental contact of the tip with the sample, in which case the
meniscus force of the liquid atop the sample may render it inoperable (Non-Contact
Mode AFM vs. Tapping Mode AFM 2013).
2.4.3 Surface Plasmon Resonance
Surface plasmon resonance, abbreviated as SPR is the charge-density oscillation
that occurs at the interface of two media having dielectric constants of opposite
signs, such as a metal and a dielectric. The surface plasma wave is a transverse
magnetic electromagnetic wave, wherein the magnetic vector is parallel to the plane
and perpendicular to the direction of the propagation of the surface plasma wave.
The propagation constant of the plasma wave at the interface between the semi-
inﬁnite dielectric and the metal is given by the formula,
β = kn
√
εmn2s
εm + n2s
(2.20)
Here, kn represents the free space wave number, εm is the dielectric constant of
the metal, and ns denotes the refractive index of the dielectric. Although any sub-
strate satisfying the relation εmr < −n2s, where εmr is the real part of the dielectric
constant of the metal, may be supported, silver and gold are commonly preferred
at optical wavelengths. In the visible and the near infrared spectrum, the plasma
wave propagates with high attenuation owing to high losses in the metal. Also, the
electromagnetic ﬁeld is highly asymmetric, and exhibits higher localization in the
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dielectric. (Homola et al. 1999)
SPR Sensors and Sensing Conﬁgurations
An SPR optical sensor chieﬂy constitutes a) an optical system, b) a transducing
medium that relates the optical and chemical domains, and c) the electronics to sup-
port the optics and permit data processing. The optical system in turn comprises the
radiation source and an optical structure that excites the plasma wave. Thin layers
of surface plasmon active metals such as gold and silver are often manufactured by
vacuum evaporation and sputtering for this purpose. While silver exhibits increased
sensitivity, long term stability is poor. The transducing medium which varies de-
pending on the application "transforms any changes in the quantity of interest to
changes in the refractive index, which can be determined by optically interrogating
the surface plasma wave". During the interrogation of the surface plasma wave, the
electronic system generates and processes the electronic signal. Stability, sensitivity,
and resolution are determined by the nature of the optical system and the transduc-
ing medium, whereas selectivity and response time are primarily dependent upon
the transducing medium. (Homola et al. 1999)
Excitation of the surface plasma wave cannot be achieved through direct inci-
dence of the optical wave at the metal-dielectric interface, since the propagation
constant of the plasma wave is invariably high when compared to the propagation
of the optical wave in the dielectric. This requires a change in momentum of the
incident wave, which is accomplished through attenuated total reﬂection in prism
couplers and optical wave-guides, and/or through diﬀraction from the surface of the
gratings, as discussed below. (Homola et al. 1999)
Optical Prism Coupler based SPR Sensor
SPR sensors based on prism couplers use two diﬀerent methods to bring about
plasma excitation using light, a) Kretschmann conﬁguration, and b) Otto conﬁgu-
ration. Optical prism couplers based on Kretschmann's approach are most widely
employed in SPR sensors. According to this conﬁguration, the light incident on
the interface between the prism coupler and the thin metal layer is totally reﬂected
at the interface, as illustrated in Figure 2.17. In this process though, the incident
light excites the plasma wave at the outer boundary of the metal layer by tunnelling
through evanescently. (Homola et al. 1999)
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Optical wave
Metal layer
Analyte
Prism coupler
Figure 2.17: The prism coupler based SPR system as presented by Homola et al.
(1999).
Grating Coupler based SPR Sensor
Grating couplers diﬀract the incident beam into a series of beams, directed at varied
angles away from the periodically distorted metal-dielectric interface, as presented
in Figure 2.18. The momentum of these waves is multiples of the grating wave vector
and the components of momentum of the incident beam. (Homola et al. 1999)
Optical 
wave
Grating
Metal layer
Analyte
m = 0
m = -1
m = 1
Figure 2.18: The SPR conﬁguration based on the grating coupler system (Homola
et al. 1999).
Although precise control over the thin metal layer is not necessary, the mathe-
matics involved in modelling of the grating and/or its response is more complex than
the prism based systems, and hence data analysis is diﬃcult. One other drawback
of grating based couplers is that, the incident beam traverses through the sample
before diﬀraction, and therefore requires the analyte, and the ﬂow cell to be optically
transparent. (Homola et al. 1999)
Optical Waveguide based SPR Sensor
Waveguide based SPR sensors, as presented in Figure 2.19 are in principle similar
to the Kretschmann's conﬁguration of optical prism couplers. The light guided by
the waveguide evanescently penetrates the metal layer, and when the guided mode
phase-matches the surface plasma wave, a plasma wave is excited at the outer surface
of the metal. (Homola et al. 1999)
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Waveguide
Analyte
Metal layer
Guided optical wave
Figure 2.19: The optical waveguide based SPR system as represented by Homola et
al. (1999).
Despite the design constraint, it implements all the main SPR detection tech-
niques corresponding to the bulk prism based sensing devices. In addition to its
ruggedness, and small size, this approach also provides numerous other enticing
features, such as eﬃcient control of light properties, stray light suppression, etc.
(Homola et al. 1999)
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3. RESEARCH METHODS AND MATERIALS
The eﬀect of the surface coatings on the impedance and noise characteristics of the
MEA is evaluated through a series of experiments. MEAs with two diﬀerent layouts
are studied, and the surface texture of the coated materials such as the surface
roughness, and the coating thickness are analysed. In addition, an attempt is made
by mimicking the cell culture environment, to realise the repercussions on the real
life applications. The materials and methods employed in the series of measurements
performed as part of this work are discussed in detail below.
3.1 MEA Setup
Commercial six well MEAs, manufactured by Multi Channel Systems MCS GmbH,
Reutlingen, Germany, are used for the measurements alongside the standard 8 × 8
MEAs, as presented in Figure 3.1.
a) b)
Figure 3.1: The 60 electrode 6 well MEA is imaged in (a), and the standard 8 × 8
MEA with an internal reference electrode and the glass ring is presented in (b).
The six well MEA contains 60 electrodes altogether, with each well comprising
nine electrodes arranged in a 3 × 3 grid, together with a reference electrode. The
standard 8× 8 MEA also comprises 60 electrodes, including a large internal reference
electrode, but the electrodes are positioned in a 8 × 8 grid. In both these MEAs,
the electrodes are 30 µm in diameter, and are spaced at a distance of 200 µm from
the center of one another. The electrodes and the contact pads are coated with
titanium nitride, whereas the tracks are made of titanium, with silicon nitride being
used as the insulator. (Microelectrode Array Manual 2012)
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3.1.1 Polydimethylsiloxane (PDMS) Structures
Polydimethylsiloxane or PDMS structures are used as culture chambers to limit and
hold the coating reagents, the cells to be seeded, and the buﬀer or the culture medium
over the MEA. The structure establishes a reversible bond with the MEA substrate
owing to van der Waals interaction, resulting in a water tight seal (McDonald et
al. 2000). The bond strength is strong enough to hold on even during long term
cultures, however it can be detached any time through peeling.
a) b)
Figure 3.2: The open PDMS ring used with the 6 well MEA is imaged in (a), and
the micro-well PDMS structure surrounding the electrode area of the standard MEA
is pictured in (b).
In this experiment, PDMS rings of diameter 22 mm are custom made to form
the well in case of the 6 well MEAs, whereas micro well structures about 2 mm in
diameter are used to isolate the electrode area in the standard MEA, as shown in
Figure 3.2. PDMS is preferred over other materials as it is a biocompatible polymer
(Kreutzer et al. 2009), with mechanical properties similar to that of the human soft
tissue (Wang et al. 2010). It is impervious to most chemicals (Mata et al. 2005),
permeable to gas (Merkel et al. 2000), and is optically transparent down to the
wavelengths of 290 nm (Shih et al. 2006). Moreover, it oﬀers good thermal and
electrical stability (Hemmilä et al. 2012), and is capable of replicating structures as
small as a few nanometres (Xia & Whitesides 1998).
However PDMS has a few shortcomings, especially with the poor wetting prop-
erties, and the heterogeneous surface charge, that result in adsorption of smaller
molecules such as organic solvents (Monahan et al. 2002; Lee et al. 2003), ﬂuores-
cent dyes (Lee et al. 2003; Abate et al. 2008), and proteins (Boxshall et al. 2006;
Wong & Ho 2009), which leaves behind a foul surface. This eﬀect was quite evident
during surface characterization of the coated surfaces.
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3.2 Impedance Analysis
Two devices, a) IviumStat - Electrochemical interface and impedance analyser,
manufactured by Ivium Technologies, Eindhoven, Netherlands, and b)MEA-IT -
Impedance testing device from Multi Channel Systems MCS GmbH, Reutlingen,
Germany, are used in the measurement of the impedance.
3.2.1 Experimental Setup using IviumStat
The IviumStat principally comprises a microprocessor and a potentiostat or galvano-
stat, to control the potential or current applied to the electrodes, and to measure
the response. The device is controlled through the IviumSoft software, and it oper-
ates on electrochemical sensors with a working electrode, sensing electrode, reference
electrode, and an auxiliary or counter electrode. As a standalone device, it can be
interfaced with the electrochemical cell through a 15 pin cell connector. However,
in order to facilitate the connection to a MEA with several working electrodes, a
multiplexer setup is used as shown in Figure 3.3.
(a)
(b)
(c)
(d)
Figure 3.3: The experimental setup comprising the (a) IviumStat device, (b) Multi-
WE32 modules, (c) break out box, and (d) MEA1060-INV adapter, that is used to
measure the impedance of the MEA.
The IviumStat device is interfaced with the MEA1060-INV adapter (from Multi
Channel Systems MCS GmbH, Reutlingen, Germany) through two Multi-WE32
modules, with 32 channels each, that are stacked together in order to measure
64 channels in all. The Multi-WE32 module, manufactured by Ivium Technolo-
gies, Eindhoven, Netherlands, partly performs the function of a multiplexer, in the
sense that although potential or current is applied across all the channels simul-
taneously, output can be recorded from the channel of interest. The connection
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between the Multi-WE32 modules and the MEA1060-INV adapter is established by
means of a break out box, with a small computer system interface (SCSI) cable and
two D-subminiatures with 37 contact pins (DC-37). Two additional Bayonet Neill-
Concelman (BNC) connectors are used to provide connection to the reference and
counter electrodes. Although the base plate and the MEA1060-INV adapter hous-
ing provide suﬃcient shielding, the open top of the adapter is closed with a custom
made Faraday cage that is grounded to the adapter's housing, so as to prevent
line-frequency interference.
3.2.2 Conﬁguration of the Impedance Analyser
The measurement method and parameters such as applied potential or current,
current range, frequency, operation mode etc., have to be conﬁgured before the
measurements begin. A few of these parameters are discussed in detail below.
Measurement Method
A constant potential I-V method is employed, wherein the potential diﬀerence be-
tween the working electrode and the reference electrode is kept constant, and the
corresponding current ﬂowing through the circuit is measured. In implementing
this method, a three electrode electrochemical setup with a reference electrode RE,
counter electrode CE, and the working electrode WE is used as illustrated in the
Figure 3.4.
If
If
           Solution
─ Current meter
WE RE CE
+ 
Figure 3.4: Concept diagram of a three electrode amperometric sensor and a poten-
tiostat, as presented by Ahmadi & Jullien (2009).
The working electrode is maintained near ground potential through a control
loop, and the instrument or the control ampliﬁer forces a current through the counter
electrode to maintain the potential at a constant value. The current ﬂowing through
the working electrode is measured, and the impedance is obtained as a ratio of
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voltage to current. (IviumSoft User Manual 2010) A constant potential is maintained
to ensure that the changes in electrode properties are not due to the change in
potential (Aurien-Blajeni et al. 1989, cited in Weiland & Anderson 2000).
A silver/silver chloride glass electrode is used as the reference electrode, since it
is non-toxic, inexpensive, and stable at relatively high temperatures. Owing to the
inert nature, platinum wire electrode is employed as the counter electrode, and the
MEA electrodes represent the working electrodes. Dulbecco's 0.0095 M phosphate
buﬀered saline (PBS) without calcium and magnesium, from Lonza Group Ltd.,
Basel, Switzerland, is used as the buﬀer all through the experiment, except for those
trials involving cells. PBS is utilised, as it is isotonic, and maintains a physiological
pH range of 7.0 to 7.6, independent of the temperature.
Frequency
Based on experimental observations, and studies conducted by Weiland et al. (2002),
the impedance amplitude of the titanium nitride electrode is found to be frequency
dependant for frequencies less than 4 kHz. Therefore, the applied frequency is kept
constant at 1 kHz, as it is the "fundamental action potential frequency often used to
probe tissue properties around an implanted microelectrode" (Ludwig et al. 2006;
Cogan 2008; Karp et al. 2008; Ward et al. 2009).
Current Range
Current range determines the current sensitivity during the experiment. In this case,
the initial current range is set to 1 nA, and automatic current ranging is enabled in
order to avoid overloads. This allows the instrument to determine the appropriate
range. Although current overloads up to four times the current range may still
render the correct measurement, it is unreliable. (IviumSoft User Manual 2010)
Noise Filtering
In order to minimize the impact of noise on impedance, analog ﬁlters are used in
automatic noise ﬁltering. Also, the acquisition time is altered suitably to obtain
better ﬁltering results. Increasing the measurement period enables the instrument
to acquire more data points or cycles, which on averaging provide more accurate
results. (IviumSoft User Manual 2010)
Operation Mode
Batch mode is employed in order to access the channels of the MultiWE32 module.
The index variable of the module is set to loop, so as to measure the impedance
from all 60 electrodes of the MEA. However, it is to be noted that, despite the
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measurement being recorded from only one channel at a given instant, potential is
applied across all the electrodes simultaneously. (IviumSoft User Manual 2010)
3.2.3 Setup and Conﬁguration of MEA-IT
MEA-IT, manufactured by Multi Channel Systems MCS GmbH, Reutlingen, Ger-
many is a portable impedance analyser designed speciﬁcally to measure the impedance
of the MEAs. The device houses a 60 channel contact unit, and is connected to the
computer via universal serial bus USB 2.0. The MEA whose impedance is to be
measured is mounted on the device, and the measurement is controlled through the
proprietary MEA-IT software. A silver/silver chloride pellet is used as the reference
point for grounding the electrolyte bath and the MEA-IT system during measure-
ments, as shown in Figure 3.5. The internal reference electrode(s) is/are measured
just as any other electrode of the MEA, and thus external grounding is necessary
to ensure the impedance values are not out of bounds. The device is conﬁgured
by default to apply a 1 kHz sine wave of amplitude 100 mV, and the impedance is
measured in units of kilo Ohm. (Impedance Testing Device, MEA-IT Manual 2012)
Figure 3.5: The MEA-IT device, with the MEA and the external reference electrode,
as presented by Impedance Testing Device, MEA-IT Manual (2012).
3.2.4 Measurements
In general the impedance values are recorded using both the IviumStat and the
MEA-IT devices, from the MEAs prior to coating, on coating, and subsequently
after the removal of the coating. Before the commencement of the recording, the
contact pads of the MEAs are cleaned with a soft tissue moistened with 70 % ethanol,
in order to remove contaminations that may result in a poor contact between the
pads and the ampliﬁer pins.
Uncoated measurements are carried out merely with the buﬀer, following which
the MEAs are coated as per the protocol established, and the measurements are
performed again with the buﬀer. Although establishing a steady state is practically
diﬃcult, observations are made at a room temperature of 21 ◦C, and 24 hours after
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the addition of the buﬀer. This is to minimize or rather standardise the eﬀects of
temperature changes, adsorption and/or build up of impurities and/or reagents in
the solution, coating degradation etc. The coating is removed by soaking the MEA
overnight in 1 % (w/v) TergazymeTM (manufactured by Alconox Inc., New York,
USA) enzyme active powered detergent solution. The MEA is thoroughly washed
with deionised water afterwards, and sterilised using 70 % ethanol before the start
of the next experiment.
3.3 Noise Measurements
Noise measurements are made using the MEA2100 stand-alone system, distributed
by Multi Channel Systems MCS GmbH, Reutlingen, Germany. It is used to ac-
quire extracellular recordings from the MEA, and it principally comprises the MEA
headstage with two 60 channel contact units, pre ampliﬁer, ﬁlter ampliﬁer with inte-
grated data acquisition, and analog-to-digital converter. The headstage is interfaced
to the computer through an interface board that houses the digital signal processor.
The entire setup is shown in the Figure 3.6. The connection to the computer is
established through an USB cable, and the data acquisition and analysis program,
MC_Rack is used to record the noise signal. (MEA2100 - System Manual 2013)
MEA headstage
Interface board
Figure 3.6: The measurement setup comprising the headstage and the interface board
used to measure the noise from the MEA.
The noise values are recorded from the MEAs prior to coating, on coating, and
subsequently after the removal of the coating. Before the start of the measurements
though, the contact pads of the MEAs are cleaned with a soft tissue moistened with
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70 % ethanol, so as to remove contaminations such as thin grease layer, that may
result in a poor contact between the pads and the ampliﬁer pins. Improper contact
will in turn increase noise levels on the aﬀected channel, inducing signiﬁcant error
in the recording.
Raw electrode data is obtained 24 hours after the addition of PBS, at a room
temperature of 21 ◦C, and for a duration of 5 minutes. The sampling rate is set to
50,000 Hz. Although the base plate and the MEA ampliﬁer housing provide suﬃcient
shielding during the measurements, the open top of the ampliﬁer is closed with a
custom made Faraday cage, as a means to attenuate the line-frequency interference.
The Faraday cage is grounded to the ampliﬁer housing in order to dissipate the
current generated by the electromagnetic ﬁelds. The RMS noise voltage is computed
using the equation,
Vrms =
√√√√ 1
n1
n1∑
i=1
xi2 (3.1)
where n1 represents the number of samples, and xi is the amplitude of noise at the
instant i. The computations are performed with MATLAB R©, a high-level language
for numerical computation and visualization, developed by The MathWorks Inc.,
Natick, USA.
3.4 MEA Coating Protocol
The protocol followed in the coating of the MEAs with the surface molecules such
as a) Polyethyleneimine and laminin, b) gelatin, and c) MatrigelTM is discussed in
this section.
3.4.1 Polyethyleneimine and Laminin
The pre-sterilised MEAs and the PDMS structures are washed thoroughly with 70 %
ethanol, and are allowed to dry in the laminar ﬂow chamber. Once dry, 1 ml of 0.05
% (w/v) PEI, distributed by Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany,
is added to each well, and the MEAs are incubated at 37 ◦C for two hours. A water
bath is used to prevent the PEI from drying. Unbound PEI remaining in the well
after incubation is removed, and the wells are washed with sterile water repeatedly
for two to three times, so as to avert the high pH of the solution from adversely
aﬀecting the cells.
The MEAs are allowed to dry in a laminar ﬂow cabinet, after which they are
coated with 1 ml of laminin, obtained from Engelbreth-Holm-Swarm murine sarcoma
basement membrane (supplied by Sigma-Aldrich Sweden AB, Stockholm, Sweden),
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and diluted to a concentration of 20 µg/ml with Dulbecco's phosphate buﬀered saline
containing no calcium and magnesium. The MEAs are placed in the incubator for
two hours at a temperature of 37 ◦C. After incubation, unbound laminin is aspirated
from the well.
3.4.2 Gelatin
The MEA, along with the PDMS structure that forms the well are washed thor-
oughly with 70 % ethanol, and dried in the laminar ﬂow chamber. Once dry, 1 ml
of 0.1 % Type A gelatin, obtained from porcine skin (from Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany) is added to the well, and the MEA is incubated at
37 ◦C for an hour. A water bath is used to preclude the gelatin from drying, and
unbound gelatin remaining in the well after incubation is removed.
3.4.3 MatrigelTM
MatrigelTM basement membrane matrix with reduced growth factor, distributed by
BD Biosciences - Discovery Labware, Billerica, USA, is used for coating the MEAs.
Two diﬀerent procedures are adopted here a) thin gel method, often used for plating
cells on top of the gel, and b) thin coating method, employed for growing cells
on the surface of the complex protein layer. Before proceeding with the coating,
MatrigelTM is thawed in ice at a temperature of 4 ◦C, for an interval of 2 hours or
until it liqueﬁes. The pipette tips, and the fulcan tubes are cooled to around 4 ◦C
prior to use, as MatrigelTM solidiﬁes at temperatures around 10 ◦C (MatrigelTM:
Guidelines for use 2012).
Thin Gel Method
The MEA together with the PDMS structure is rinsed thoroughly with 70 % ethanol,
and dried in a laminar ﬂow chamber. About 50 µl/cm2 of MatrigelTM is added to
the well, and the MEA is incubated at a temperature of 37 ◦C for 30 minutes. A
water bath is used to forestall the MatrigelTM from drying. Unbound MatrigelTM is
aspirated from the well after incubation, and the MEA is gently rinsed with serum-
free medium. (MatrigelTM: Guidelines for use 2012)
Thin Coating Method
The MEA together with the PDMS structure is rinsed thoroughly with 70 % ethanol,
and dried in a laminar ﬂow chamber. MatrigelTM is diluted to one-tenth of its
concentration using Dulbecco's modiﬁed eagle medium containing Ham's nutrient
mixture F-12 (Gibco R© DMEM/F-12, produced by Invitrogen Corporation, Paisley,
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Scotland) in a 1:1 ratio. The medium is devoid of lipids, proteins and/or growth
factors. The extensively diluted MatrigelTM is then added to the well, in a quantity
suﬃcient enough to cover the electrode area. The MEA is incubated at a tempera-
ture of 37 ◦C for 30 minutes. A water bath is used to prevent the MatrigelTM from
drying. Unbound MatrigelTM remaining in the well after incubation is removed, and
the MEA is gently rinsed with the culture media.
3.5 Experiment with Cells
The inﬂuence of the cells on the overall impedance, and noise of the MEA is analysed
after plating neural cells on the MEA substrate. The various processes involved in
the dissociation, plating, and imaging of the cells are explained in detail below.
Dissociation of the Cell Aggregates
The cell aggregates growing in the suspension are collected in an Eppendorf tube
and cell dissociation enzyme TrypleTM is added to the aggregates, in proportions
equivalent to 500 µl for the cell mass of one well of the 6 well plate. They are
then incubated at a temperature of 37 ◦C for a maximum interval of 15 minutes,
with intermittent back and forth pipetting of the aggregates. After incubation, the
aggregates are broken down into forming a single cell suspension, by pipetting the
medium along the inner wall of the tube. Zero NDM is then added to the Eppendorf
tube in quantities ten times to that of TrypleTM, and the tube is centrifuged at a
speed of 1500 rpm for ﬁve minutes. The medium is then replaced, and the cen-
trifugation process is carried out again. After the cleaning procedure is complete,
fresh media is added to requirement and the cells are counted using the Bürker cell
counter.
Cell Plating
The 6 well MEA plate together with the PDMS structure that isolates the electrodes,
is autoclaved and sterilised with 70 % ethanol, before being treated with PEI and
laminin as per the protocol discussed earlier. After coating, the cell aggregates are
added to the MEAs, and incubated at a temperature of 37 ◦C, with an atmospheric
carbon-dioxide level of 5 %. Once the aggregates have attached, the medium devoid
of basic ﬁbroblast growth factor is substituted with medium containing both the
ﬁbroblast growth factor and the brain derived neurotrophic factor.
Measurements
Approximately 68 hours after cell plating, the MEAs are removed from the incubator
and are allowed to cool down to a room temperature of 21 ◦C. The noise measure-
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ments are carried out thereafter, and the MEAs are returned to the incubator. This
is done so as to preclude prolonged exposure of the cells to unfavourable environ-
mental conditions, which might destroy them. After a period of 15 to 30 minutes,
the MEAs are removed from the incubator, and the impedance measurements are
performed at room temperature.
Imaging
The positioning of the cells against the MEA plate is imaged using an optical
microscope. The viability of the cells on the other hand, is analysed with the
LIVE/DEAD R© Viability/Cytotoxicity Kit for the mammalian cells, from Molecular
Probes Inc., Eugene, USA. About 0.5 µM of Ethidium homodimer-1, and 0.1 µM of
Calcein-AM are added to the cells along with the cell culturing medium. The MEAs
are incubated for a period of 30 minutes, and then viewed with a immunoﬂuores-
cence microscope, Olympus IX51, manufactured by Olympus Soft Imaging Solutions
GmbH, Münster, Germany.
In case of dead cells, Ethidium homodimer-1 penetrates the disrupted cell mem-
brane and binds to the nucleic acids, a process that enhances its ﬂuorescence by 40
fold with a bright red emission at 568 nm. On the contrary, Calcein-AM is retained
within live cells, and the intracellular esterase activity renders the Calcein-AM ﬂu-
orescent, thereby emitting a green ﬂuorescence at a wavelength of 515 nm. The
background noise is reduced in either case, since both the dyes are non-ﬂuorescent
prior to their interaction with the cells. (Product Information: LIVE/DEAD R© Vi-
ability/Cytotoxicity Kit 2005)
The images are obtained with the Olympus DP71 camera, produced by Olympus
Soft Imaging Solutions GmbH, Münster, Germany. Further image enhancement is
performed with Adobe Photoshop CS4, a digital imaging software distributed by
Adobe Systems Inc., San Jose, USA.
3.6 Evaluation of the Coating Thickness
The thickness of the coating is measured using DektakXTTM stylus proﬁlometer,
manufactured by Bruker Corporation, Tucson, USA. The proﬁler employs a stylus
that operates based on contact method for surface characterization. A proportional-
integral-derivative servo controller suspends the stylus in a free ﬂoating state, thereby
maintaining constant force over long intervals. The surface features of the sample
as encountered by the stylus, are obtained in real time as a two dimensional proﬁle,
and further processing is carried out using the data analyser. The device and the
measurements are controlled through the operation and analysis software, Vision64.
(Dektak XT Stylus Proﬁler - User Manual 2011)
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3.6.1 Conﬁguration of the Stylus Proﬁlometer
Before the measurement is initiated, the `X-Y' co-ordinates of the stage and the
`Theta' or the angular orientation of the stage assembly are initialised, and the
basic device parameters such as scan type, range, proﬁle, stylus type, stylus force,
length, resolution, etc. are pre-set as briefed below.
Scan Type: The thickness measurements are not performed relative to one
another, and hence a standard scan mode is chosen, wherein the scan is executed
across the sample surface, and the tower is reset before the start of the subsequent
scan. In other words, the measurements are made over the length of the sample,
and every successive scan has its own reference point. (Dektak XT Stylus Proﬁler -
User Manual 2011)
Range: Besides determining the operating range, `Range' also deﬁnes the ver-
tical resolution of the scan. Since the surface texture of the sample includes very
ﬁne structures, an operating range of 6.5 µm is chosen in most cases, which oﬀers a
vertical resolution of 0.1 nm approximately. For measurements involving the thick
MatrigelTM coating though, the operating range is increased to 65.5 µm, in order to
prevent `topping out' or `bottoming out' of the trace. The vertical bit resolution in
this case is reduced to 1 nm. (Dektak XT Stylus Proﬁler - User Manual 2011)
Proﬁle: Proﬁle represents the surface characteristics of the sample to be mea-
sured. Since the characteristics of the coatings are not well established, `Hills and
Valleys' mode is applied, which halves the measurement range into expanses above
and below the horizontal line. (Dektak XT Stylus Proﬁler - User Manual 2011)
Stylus Type: A stylus with 2 µm tip radius, etched or milled from a diamond
stock is utilised to determine the surface texture. (Dektak XT Stylus Proﬁler - User
Manual 2011)
Stylus Force: A low force of 0.5 mg or 0.75 mg as required to establish contact
with the surface, is applied to the stylus in safe mode. This mode reduces tip drag
during touchdown, and is optimised to protect the force-sensitive samples. (Dektak
XT Stylus Proﬁler - User Manual 2011)
Length: The scan length is appropriately chosen so that the trace forms a
secant line to the coated surface. (Dektak XT Stylus Proﬁler - User Manual 2011)
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Resolution: The horizontal resolution, which in this case represents the hori-
zontal distance between two data points, is varied over the range of 0.004 to 0.062
µm/sample, depending on the length of the measured surface. This variation in the
resolution is due to the limitation in the number of data points that the system
is designed to acquire during a measurement. (Dektak XT Stylus Proﬁler - User
Manual 2011)
3.6.2 Measurements
Microscopic slides are employed as substrates for the thickness measurements of the
MEA coatings. The glass surface is wiped clean with a tissue moistened with 70 %
ethanol, and the protein coatings are formed over a small surface of the microscopic
slide following the protocol described earlier. The coated surface is laterally exposed
to compressed air stream, so as to remove any unbound material and/or residual
liquids from the surface. In order to preserve the characteristics and the texture of
the coating, the slides are coated a few hours or minutes before the commencement
of the measurement. However, the slides are air dried before being placed in the
proﬁler for measurement, so as to prevent the wet sample from deﬁling the stylus.
The proﬁler is placed over a vibration isolation table, and is allowed to stabilize
for approximately 15 to 30 minutes before the start of the measurements, as the
system is sensitive to transient convective ﬂow. An acrylic enclosure is utilised to
protect the entire setup from the external environmental factors such as noise, air
currents, and dust. (Dektak XT Stylus Proﬁler - User Manual 2011)
The sample is mounted on the measurement stage of the proﬁler, and is held
in place by a vacuum chuck. The X-Y position of the motorised stage is adjusted
so as to position the area of the interest on the sample under the stylus. Also
the orientation of the sample with respect to the stylus, given by `theta' is altered
suitably, and the measurements are made along the secant line of the coated surface
as represented in Figure 3.7. The sample positioning stage is levelled manually
whenever necessary, in order to obtain a better proﬁler performance and to prevent
the saturation of the trace.
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Figure 3.7: This image taken prior to the measurement captures the initial position
of the stylus.
Data Processing
The surface trace obtained from the live measurement is levelled using the Vision64
software. The raw data in the data analyser is initially pre ﬁltered by the tilt removal
ﬁlter, after which a two point linear ﬁt is applied, which re-plots the trace and levels
with the cursor intercepts at zero.
3.7 Evaluation of the Surface Roughness
Surface characterization is performed using an atomic force microscope, XE-100,
manufactured by Park Systems Corp., Suwon, South Korea. The device employs
multi-purpose silicon cantilevers with pyramidal tips, marketed as `ACTA' by Ap-
plied NanoStructures Inc., Santa Clara, USA, and is enclosed in an environmentally
sealed acoustic chamber, to shield from the external acoustic and light noise. Mea-
surements and user control of the atomic force microscope is acquired using the
data acquisition program XEP. Quantitative analysis, and further image processing
is carried out using the proprietary software XEI.
3.7.1 Conﬁguration of the Atomic Force Microscope
Similar to the other measurement devices, the atomic force microscope is to be
conﬁgured as well, before the start of the measurements. Some of these parameters
such as the mode of operation, voltage modes, Z scanner range, fast scan axis, scan
direction, scan size, scan rate, and Z servo gain are briefed below.
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Head Mode: Intermittent contact mode is chosen, as it minimizes the eﬀect
of friction and other lateral forces (Bhushan 2008).
Voltage Modes: The X-Y scanner, and the Z scanner are operated at high
voltage modes, so as to force the scanner to its maximum limit and enable the
investigation of a wide range of structures. (XE-100 : High Accuracy Small Sample
SPM 2002)
Z Scanner Range: The range that can be varied from 0 to 1 is set to 0.5, a
numerical value corresponding to 6 µm range of the Z scanner in high voltage mode.
This reduction in the range oﬀers an increased vertical resolution of 10 Å. (XE-100 :
High Accuracy Small Sample SPM 2002)
Scan Size: The size of the scan area along the X and the Y axis is set to 2
µm each. In other terms, the eﬀective scan area is 2 µm × 2 µm. (XE-100 : High
Accuracy Small Sample SPM 2002)
Scan Rate: The scan rate or the frequency at which the scanner rasters back
and forth the sample surface is set to 1 Hz. (XE-100 : High Accuracy Small Sample
SPM 2002)
Z Servo Gain: It represents the sensitivity of the Z scanner feedback loop.
A high value may result in oscillations, and in eﬀect an increased noise level in the
image. Conversely, a very low gain will result in improper surface tracking. Hence
the servo gain is adjusted suitably so that the oscillations are reduced, and the line
trace is stabilised. (XE-100 : High Accuracy Small Sample SPM 2002)
3.7.2 Measurements
Three diﬀerent 6 well MEAs, an uncoated MEA, a MEA coated with PEI, and
another treated with both PEI and laminin were used in the surface roughness
measurements. The MEAs are coated a few hours in advance to the measurements,
and as per the protocol established previously. The air dried MEAs are placed
in the atomic force microscope, and the surface roughness over an area of 2 µm
× 2 µm of the reference electrode, the silicon nitride coated titanium track, and
the silicon nitride covered glass surface is obtained as a TIFF data ﬁle. These
surfaces are chosen in particular, as it is the titanium nitride electrode(s) and the
silicon nitride insulation that primarily inﬂuence the impedance of the MEA. The
reference electrodes are preferred over the microelectrodes as they have a relatively
3. RESEARCH METHODS AND MATERIALS 41
large surface area, and are expendable if at all any untoward incident were to occur
during the measurements.
Data Processing
The data is ﬂattened to eliminate the slopes and the curvature generated by the scan-
ning procedure, as these artefacts inﬂuence on the height data and render the image
diﬃcult to interpret. A ﬁtting curve or an estimation of the curvature and/or slope,
determined by polynomial regression is employed along the vertical and horizontal
axes to ﬂatten the image as illustrated in Figure 3.8. A 3D image of the surface is
then rendered from this ﬂattened image using suitable parameters. (XEI : Powerful
Image Processing Tool for SPM Data 2008)
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Figure 3.8: An example of ﬂattening applied to a single line in one dimension.
(XEI : Powerful Image Processing Tool for SPM Data 2008)
3.8 Estimation of Molecular Adsorption
The molecular adsorption of PEI and laminin is studied using SPR NaviTM 210A-3L
device, manufactured by Bionavis Oy Ltd., Ylöjärvi, Finland. It is an optical prism
coupler based SPR sensor, that functions based on Kretschmann's conﬁguration.
The device principally comprises a) the opto-electronic section that includes the
lasers, optical prism and the control electronics, b) the docking station for the sensor
slides, and c) the ﬂuidic segment consisting of the ﬂow cells, injection ports and the
associated tubing. (SPR-Navi 210A User Manual 2012)
The device measures the angle at which resonance occurs, a variable that is
sensitive to the change in the refractive index of the medium adjacent to the sensor
slide interface, by recording the intensity of the reﬂected beam as the system ventures
out of resonance. As resonance is approached, a drop in the intensity of the reﬂected
light is evidenced due to the excitation of the plasmons, as illustrated in Figure 3.9.
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The equipment is interfaced with the computer through an USB cable, and the
measurements are handled with the SPR NaviTM software. However, the change
in the SPR angle corresponding to the molecular adsorption on the sensor slide is
obtained from the SPR NaviTM Data Viewer. (SPR-Navi 210A User Manual 2012)
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Figure 3.9: A representation of the resonance curve measured using the SPR NaviTM
210A-3L device.
3.8.1 Conﬁguration of the SPR Device
The SPR device parameters such as the laser wavelength, measurement method,
and the chamber temperature are conﬁgured before the start of the measurement as
detailed below.
Laser Wavelengths: Two diﬀerent incident light wavelengths at 670 nm and
785 nm are employed for the measurements.
Measurement Method: An angular scan is performed over the full range of
the equipment from 38 ◦ to 78 ◦, wherein the prism is turned against the laser beam
and the entire resonance curve is recorded. (SPR-Navi Software Manual 2012)
Temperature: The measurement chamber, including the prism, and the elec-
trochemical ﬂow cell are maintained at a temperature of 37 ◦C.
3.8.2 Measurements
Two diﬀerent sets of measurements are performed a) to estimate the diﬀerential
adsorption of laminin to PEI with varying concentrations of laminin such as 20
µg/ml, 40 µg/ml, and 80 µg/ml, and b) to study the kinetics of the reaction.
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Diﬀerential Adsorption of Laminin
SPR NaviTM gold sensor slides SPR102-AU of dimension 12 × 20 mm, distributed
by Bionavis Oy Ltd., Ylöjärvi, Finland, are employed as substrates for coating. The
SPR angle of the uncoated slide is measured initially in air medium, after which the
gold surface of the slide is coated with PEI, followed by laminin shortly thereafter,
and the corresponding changes in the SPR angles are recorded.
The coatings are formed elsewhere, away from the SPR device, and as per the
protocol established earlier. The slides are allowed to dry before they are mounted
back on the dock, so as to prevent any residual liquid droplets from inﬂuencing
the measurement. The measurements are repeated with varying concentrations of
laminin such as 20 µg/ml, 40 µg/ml, and 80 µg/ml, and their respective SPR angles
are measured.
The coated slides are cleaned by soaking them overnight in 1 % (w/v) TergazymeTM
detergent solution. It is rinsed with deionised water afterwards, and air dried in a
clean environment before the start of the successive experimental trial. The glass
surface of the sensor is maintained immaculate, as otherwise, it may lead to erro-
neous observations, besides befouling the optical elastomer that couples the prism
with the sensor slide. When required, the slide is gently wiped using a low lint tissue
moistened with acetone.
Kinetics Study
Kinetics study is similar in approach to the diﬀerential adsorption experiments, but
unlike the previous method, the coating is made in situ and the measurement is
continuous over the entire period. After the initial SPR measurement with the
bare gold slide in air medium, PEI solution is slowly injected into the ﬂow cell and
the change in the SPR angle over time is observed. An electrochemical ﬂow-cell
SPR321-EC made of polyetheretherketone and distributed by Bionavis Oy Ltd.,
Ylöjärvi, Finland, is utilised to hold the sample of volume 100 µl. After an hour,
PEI is drawn out and sterile water is infused into the ﬂow cell to rinse oﬀ unbound
PEI from the measurement chamber. The slide is left to dry, while the SPR angle
in air medium is recorded. Laminin is slowly forced in thenceforth, until the ﬂow
cell is completely ﬁlled. Laminin is extracted from the measurement chamber after
an interval of two hours, and the SPR angle in air medium is examined.
Care is taken so as to not introduce air bubbles in the ﬂow cell. In addition, the
solution is degassed and warmed to a temperature of 37 ◦C prior to the injection,
in order to prevent sudden changes in temperature.
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4. RESULTS AND DISCUSSION
4.1 Impedance and Noise Measurements
The changes in the electrode impedance and the RMS noise magnitudes of the MEA,
upon coating with suitable surface molecules such as PEI and laminin, gelatin, and
MatrigelTM are examined, and the outcomes of this study are presented below.
4.1.1 PEI and Laminin
The diﬀerences in the impedances of the electrodes before and after coating the 6 well
MEA with PEI and laminin are illustrated in Figure 4.1. A few electrodes exhibit
a signiﬁcant gain in the impedance on coating with PEI and laminin. However this
trend is not universal as a sizeable amount of electrodes display either no change
or a very moderate modiﬁcation in this regard. The diﬀerences in the impedance
values could partly be attributed to the random adsorption of the surplus laminin
remaining in the well, and the constituents of the culture media. Nevertheless, the
results are concurrent with the ﬁndings of He & Bellamkonda (2004), where no
signiﬁcant diﬀerence in the electrode impedances of the silicon MEA is reported
with the addition of PEI and laminin.
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Figure 4.1: The changes in the electrode impedances, recorded from one of the four
MEAs used in the experiment, before and after coating with PEI and laminin.
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The average RMS noise amplitudes of the MEA electrodes remained almost
the same at 2.35 µV, as against the 2.31 µV obtained prior to coating. It is to
be noted that no external shield was used in this case to isolate the experimental
setup from external electromagnetic interference, and chances are that the external
interferences overwhelmed the recordings. The eﬀect of shielding on the overall noise
measurement is illustrated in Figure 4.2.
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Figure 4.2: The eﬀect of shielding on the overall noise measured from the MEA.
The unshielded recording is represented in blue, whereas the shielded measurement
is presented in green.
The diﬀerence may not appear signiﬁcant on visual interpretation, but when the
average RMS noise amplitudes are determined, the values more than halved with
shielding in a few instances. An overview of the average RMS noise magnitudes of
the 6 well MEA is presented alongside the electrode impedances in Table 4.1.
Table 4.1: Diﬀerences in the impedance and the RMS noise amplitudes of the MEA
electrodes, with the addition of PEI and laminin.
MEA Status
Average
RMS
Noise
(µV)
RMS
Noise
Deviation
(µV)
Average
Impedance
Magnitude
(kΩ)
Impedance
Magnitude
Deviation
(kΩ)
Uncoated 2.31 0.15 71.05 11.66
Coated 2.35 0.16 73.41 10.96
4.1.2 Gelatin
The impedances of the standard 8 × 8 MEA electrodes show a modest increase in
magnitude after coating with gelatin, as plotted in Figure 4.3. The changes are
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not consistent and a few electrodes exhibit higher impedances which could partially
be due to random adsorption of excess gelatin remaining in the well after coating.
Although unbound gelatin was aspirated using a pipette, only so much could be
removed without unsettling the coating. No signiﬁcant changes were determined
with respect to the RMS noise voltages measured prior to coating.
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Figure 4.3: The electrode impedances prior to coating are presented in green, while
the corresponding MEA impedances after coating with gelatin are coloured red.
No previous studies could be traced for direct comparison of the results. The
summary of the average impedances and the RMS noise magnitudes, along with the
respective standard deviations observed between the MEA electrodes is provided in
Table 4.2. It can be observed that the overall noise and the impedance amplitudes
of the MEA drop after the coating is removed. This drift is realised all throughout
the study and will be discussed later.
Table 4.2: Diﬀerences in the impedance and the RMS noise amplitudes of the MEA
electrodes with the addition of gelatin.
MEA Status
Average
RMS
Noise
(µV)
RMS
Noise
Deviation
(µV)
Average
Impedance
Magnitude
(kΩ)
Impedance
Magnitude
Deviation
(kΩ)
Uncoated 1.71 0.08 30.10 1.94
Coated 1.70 0.07 32.77 2.37
Coating removed 1.68 0.08 29.23 1.95
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4.1.3 MatrigelTM
The diﬀerences in the average impedance and RMS noise magnitudes of the standard
8 × 8 MEA electrodes, on coating with MatrigelTM, employing both the thin coating
and the methods are discussed below.
Thin Coating Method
A notable change of about 6 kΩ in impedance is observed after the MEA was exposed
to a thin coating of MatrigelTM as illustrated in Figure 4.4. A few variations in the
trend is discovered, similar to those noticed with the gelatin coating, partly due to
the diﬀerential adsorption of MatrigelTM to the MEA surface.
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Figure 4.4: The variations in the impedances of the uncoated MEA electrodes are
presented in green, and the respective changes in their impedances subsequent to the
treatment with a thin coating of MatrigelTM, are represented in red.
The average RMS noise amplitude of the MEA displays a mild increment with
the addition of the thin MatrigelTM coating as given in the Table 4.3. No previous
reports could be found from the comprehensive search, for direct comparison of the
results.
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Table 4.3: The eﬀect of the thin coating of MatrigelTM on the impedance and the
RMS noise magnitudes of the MEA.
MEA Status
Average
RMS
Noise
(µV)
RMS
Noise
Deviation
(µV)
Average
Impedance
Magnitude
(kΩ)
Impedance
Magnitude
Deviation
(kΩ)
Uncoated 1.67 0.05 27.69 1.59
Coated 1.73 0.09 33.43 2.27
Coating removed 1.66 0.05 27.30 1.66
Thin Gel Method
On coating a thin gel of MatrigelTM upon the MEA, an average increment of ap-
proximately 10 kΩ is recorded in the impedance magnitude of the electrodes, as
represented in the Figure 4.5.
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Figure 4.5: The changes in the electrode impedances prior to coating are presented
in green, and the corresponding MEA impedances after coating with MatrigelTM are
displayed in red.
The average RMS noise values of the MEA electrodes show a moderate increase,
similar to that exhibited by the thin coating method. The impedance and the noise
magnitudes, along with the corresponding standard deviations observed between
the electrodes are presented in Table 4.4. However no previous reports could be
acquired from the comprehensive search, for direct comparison of the results.
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Table 4.4: Diﬀerences in the impedance and the RMS noise magnitudes of the MEA,
with the addition of a thin gel of MatrigelTM.
MEA Status
Average
RMS
Noise
(µV)
RMS
Noise
Deviation
(µV)
Average
Impedance
Magnitude
(kΩ)
Impedance
Magnitude
Deviation
(kΩ)
Uncoated 1.65 0.05 26.50 2.13
Coated 1.73 0.05 36.61 4.31
Coating removed 1.65 0.06 26.04 2.28
As the experiments progressed, the wear on the electrodes was evident from the
impedance measurements. The impedance of the standard 8 × 8 MEA decreased
with every subsequent experiment as illustrated in the Figure 4.6, which could have
impacted the measurement outcomes. This drift in impedance could be attributed
to the degradation of the silicon nitride insulation layer that isolates the electrodes,
resulting in an increase in the eﬀective surface area and a corresponding decrease in
the impedance of the electrodes.
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Figure 4.6: The drift in the overall impedance of the MEA, as the measurements
progressed forward.
4.2 Measurements with Cells
The changes to the electrode impedances and noise are studied as the 6 well MEAs
are plated with neural cells, and the end results of these experiments are detailed in
this section.
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Imaging
The viability of the cells plated on top of the 6 well MEAs is analysed with the
LIVE/DEAD R© Viability/Cytotoxicity Kit for the mammalian cells, and the images
obtained using the immunoﬂuorescence microscope is presented in Figure 4.7.
a) b)
Figure 4.7: The ﬂuorescence images acquired from the live cells plated over one of
the six MEA wells, is presented in (a), and the bright spots in (b) represent the dead
cells present alongside the live ones.
For further clarity, the two images in the Figure 4.7 were superimposed and
enhanced using Adobe Photoshop CS4, whereby the live cells were illuminated green,
while the dead ones were coloured red, as shown in the Figure 4.8.
285 kΩ 
120.2 kΩ 
A1
A8
Figure 4.8: The enhanced ﬂuorescence image, wherein the live cells are presented in
green, and the bright red spots represent the dead cells.
Impedance and Noise Measurements
The addition of cells to the coated MEA surface brings about drastic variations in
the electrode impedances, ranging from 75 kΩ to 350 kΩ, possibly corresponding to
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the diﬀerences in the position and the orientation of the cell(s) over the electrode
surface. Similar to the impedance measurements, a signiﬁcant diﬀerence in the RMS
noise voltage was observed between the cell plated MEA electrodes, varying from as
low as 4 µV to upto 13 µV.
Nevertheless no particular conclusion could be reached, as the ﬁeld of view was
obscured by the MEA electrodes. Although the ﬂuorescence images reveal the overall
distribution of the cells over the MEA surface, cells lying on top of the opaque
electrode surface could not be imaged from the bottom, rendering it diﬃcult to
relate the change in the impedance and the noise magnitudes to the positioning of
the cells atop the MEA electrodes. For instance, the electrode A8, surrounded by
the yellow ring in Figure 4.8 recorded the lowest impedance of 120.2 kΩ amongst
the electrodes in the well, despite appearing to have been besieged by cells. On
the other hand, the electrode A1, enclosed in the red circle and barely displaying
any perceptible indication of a cell overhead or at close proximity in Figure 4.8,
presented the highest impedance of 286.5 kΩ in the well, eﬀectively illustrating the
uncertainties surrounding the positioning of the cells.
4.3 Thickness Measurements
The results obtained from the thickness measurements of the a) PEI and laminin,
b) gelatin, and c) MatrigelTM coatings, conducted using the stylus proﬁlometer are
elaborated below.
4.3.1 PEI and Laminin
The nano scale coating thickness of PEI and laminin could not be reliably measured
owing to the inherent surface variations of the coated substrate, and the residual
material atop the coated surface. The proﬁler output representing the surface vari-
ations of the coating is presented in Figure 4.9. The observed divergence ranged
from a few nanometres to tens of nanometres.
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Figure 4.9: The surface trace of the PEI and laminin coating as obtained from the
proﬁler. Approximately 1 mm from the start and the end of the trace is plain glass
surface.
PDMS structures were utilised to contain the coating material over the MEAs.
However no such structures are used with the microscopic glass slides for the thick-
ness measurements, as molecular adsorption to the PDMS structure befouled the
substrate as imaged in Figure 4.10. This crippled the possibilities of restricting the
coated surface area and rendered the measurements vulnerable to the inherent sur-
face variations of the slide.
Residues along the PDMS structure
Figure 4.10: The residues along the PDMS structure, left behind after treating the
surface with PEI and laminin.
Also, as the coated surface was allowed to dry, PBS, originally used to dilute
laminin to the desired concentration, formed `rock-salt' like crystal structures, that
hindered the measurements and were recorded as spikes in the trace. The coated
surface was exposed to a stream of compressed air in hopes of eliminating the salt
residues, however a few random spikes still continued to persist even after the ex-
posure.
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Besides, external factors, and the limitations of the proﬁler could have also intro-
duced uncertainties in the measurement. Although the proﬁler oﬀers a high vertical
resolution of 0.1 nm, or 1 nm depending on the range, the diameter of the stylus tip
used is 4 µm, and surface features such as high aspect ratio trenches that are less
than and/or approximately the same size may not have been realized at the output.
4.3.2 Gelatin
The measurements involving the gelatin coating endured the same impediments as
that of the PEI and laminin coating, and the attempts to measure the coating
thickness were futile. The trace obtained from the proﬁlometer is pictured in the
Figure 4.11.
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Figure 4.11: The surface variations across the gelatin coated surface as recorded
from the proﬁler. Approximately 1 mm from the start and the end of the trace is
plain glass surface.
4.3.3 MatrigelTM
The thickness of the MatrigelTM coating has been evaluated using the proﬁlometer,
and as expected the diﬀerences in the thickness between the thin coating method,
and the thin gel method were evident.
Thin Coating Method
In thin coating method, MatrigelTM is diluted using culture media and the coated
surface is rinsed with the same, before the coating is allowed to dry. This medium
however leaves a residue over the coated surface as it dries which was distinctly
observed during the measurements, as in the Figure 4.12.
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Figure 4.12: The ﬂuctuations along the MatrigelTM coated surface, observed with the
proﬁlometer. About 0.2 mm from the start and the end of the trace is plain glass
surface.
When compressed air was used to eliminate the residual material, the spikes
diminished and the thickness of the MatrigelTMin the thin coating method was
found to range between 0.2 µm and 0.3 µm, as illustrated in the Figure 4.13. The
external factors, along with the inherent surface variations of the substrate, and
the limitations of the proﬁler could have inﬂuenced the measurement results, as
discussed earlier.
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Figure 4.13: The thickness of the MatrigelTM coating as obtained from the proﬁlome-
ter. About 0.2 mm from the start and the end of the trace is plain glass surface.
4. RESULTS AND DISCUSSION 55
Thin Gel Method
The surface proﬁle acquired a few hours after the coating, and along a secant line
closer to the circumference of the coated surface is shown in the Figure 4.14. The
thickness of the coating varied between 4.2 µm and 4.8 µm, as can be inferred from
the ﬁgure below.
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Figure 4.14: The thickness of the MatrigelTM coating as obtained from the proﬁlome-
ter a few hours after the coating. About 0.5 mm from the start and the end of the
trace is plain glass surface.
The subsequent measurement along the center of the coated surface was carried
out 24 hours later, allowing enough time for the gel in the middle to dry. The surface
variations observed are illustrated in Figure 4.15.
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Figure 4.15: The surface trace of MatrigelTM, obtained from the center of the coated
surface, approximately 24 hours after the previous measurements. About 0.5 mm
from the start and the end of the trace is plain glass surface.
4. RESULTS AND DISCUSSION 56
The thickness of the coating was conﬁned to about 2 µm or 3 µm along the
periphery, as presented in Figure 4.15, but a steep rise was observed along the
center of the coated surface. The deviations were bound between 5 µm and 28
µm, and the `spikes' were corresponding to the solid patterns observed along the
center of the gel, as pictured in Figure 4.16. Similar structures with variations in
height ranging from 100 nm to over 300 nm were observed by Koivisto (2013) using
AFM. The quantity and the concentration of MatrigelTM however varies, along with
the protocol followed for coating MatrigelTM, which may explain the substantial
diﬀerence between the two studies.
a) b)
Figure 4.16: The solid patterns formed along the center of the gel is represented in
(a), and the relatively clear gel along the periphery is imaged in (b).
During the process of coating, the dominant cohesive forces between the molecules
of the MatrigelTM matrix restricted it from spreading evenly over the substrate, and
this convex shape was more or less retained as the matrix gelled, resulting in a sub-
stantial change in the thickness, as the measurement progressed from the periphery
towards the centre of the coated surface. This phenomenon is noticeable from the
images presented in the Figures A.1, and A.2 in the appendix.
Besides, as the gel dried, it shrunk in size and reduced to almost half the original
thickness measured earlier. The measurements carried out about 24 hours later and
along the perimeter of the gel in Figure 4.17, demonstrates this proposition of the
thickness being halved from that obtained in Figure 4.14 earlier. Therefore, the
thickness obtained along the center of the gel may not accurately represent the
actual thickness of the gel formed on the surface originally.
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Figure 4.17: The surface trace of the MatrigelTM coated surface, acquired along the
periphery of the gel and about 24 hours from the initial measurements.
In fact, MatrigelTM thickness measured in both the thin coating and the thin
gel methods may not correspond to the actual thickness of the coating on the MEA
surface, as unlike electrostatic self assembly, wherein a thin and a relatively uni-
form coating is expected, a change in the concentration of MatrigelTM signiﬁcantly
aﬀects the thickness of the coating. As extensive dilution of MatrigelTM can even
yield a thin, non-gelled protein layer. Without any structures to hold or limit the
MatrigelTM matrix on the substrate during coating, it spilled over to the surround-
ing area. This certainly would have aﬀected the concentration of MatrigelTM and
by extension the thickness of the coating, possibly.
Furthermore, the change in the contact angle of the matrix, owing to the diﬀer-
ences in the degree of wetting of the PDMS enclosed MEA surface and the uninter-
rupted expanse of the microscopic slide, could have had signiﬁcant repercussions on
the measurements.
4.4 Surface Roughness Measurements
The changes in the RMS value of surface roughness Rq of the silicon nitride surfaces
and the reference electrode of the MEAs, with the addition of the PEI and laminin
were studied using AFM, and the results of the experiment are presented in this
section.
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4.4.1 Surface Characterisation of the Silicon Nitride Surfaces
The surface roughness of the silicon nitride layer deposited over the glass surface and
the titanium track of the MEA, was determined both before and after coating the
MEAs with PEI and laminin as shown in ﬁgure 4.18(b). The respective changes in
the surface area ratio, which is the increment of the measured surface area relative
to the projected area in the XY plane, is plotted in Figure 4.18(a).
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Figure 4.18: The change in the surface area ratio of the silicon nitride surfaces of the
MEA, before and after coating is represented in (a), and the corresponding change
in the RMS value of surface roughness is presented in (b).
The RMS value of surface roughness, and the surface area ratio of the silicon
nitride layer increases with the addition of PEI, but however decreases with the
addition of laminin. This implies that the addition of PEI results in an increase in the
number of peaks, which are then smoothed by laminin. Three dimensional surface
maps of the silicon nitride coated glass surface are rendered in the Figures 4.19, 4.20,
and 4.21 to illustrate the same. The surface traces of the silicon nitride deposited
titanium track is presented by the Figures B.1, B.2, and B.3 in the appendix.
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Figure 4.19: The three dimensional surface map, over a 2 µm × 2 µm silicon nitride
covered glass surface of the uncoated MEA, as obtained from AFM.
Figure 4.20: A three dimensional surface map as acquired using AFM, over a 2 µm
× 2 µm silicon nitride covered glass surface of the MEA coated with PEI.
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Figure 4.21: The three dimensional surface map, over a 2 µm × 2 µm silicon nitride
covered glass surface of the MEA coated with PEI and laminin.
4.4.2 Surface Characterisation of the Reference Electrode
Similar to the surface characterisation of the silicon nitride surface, the surface
area ratio, and the surface roughness of the reference electrode is determined as in
Figure 4.22. On addition of PEI, the spikes of the highly uneven reference electrode
appear to shrivel as represented by the decrease in the surface area ratio. However
this decline does not level the surface much, rather it increases the overall surface
roughness by a few nanometres. Further, with the addition of laminin, both the
surface area ratio and the surface roughness rise, indicating an escalation in the
unevenness.
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Figure 4.22: The change in the surface area ratio of the reference electrode of the
MEA, before and after coating is represented in (a), and the corresponding change
in the surface roughness is presented in (b).
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The three dimensional surface maps of the reference electrode, captured with the
AFM, before and after coating are shown in Figures 4.23, 4.24, and 4.25 below.
Figure 4.23: The three dimensional surface map obtained with AFM, over a 2 µm
× 2 µm reference electrode surface of the uncoated MEA.
Figure 4.24: A three dimensional surface map as acquired using AFM, over a 2 µm
× 2 µm reference electrode surface of the MEA coated with PEI.
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Figure 4.25: The three dimensional surface map, over a 2 µm × 2 µm surface of
the reference electrode of the MEA coated with PEI and laminin.
A major shortcoming of these measurements however, is that surface charac-
terisation was performed on not one, but three diﬀerent MEAs, one each for the
uncoated and the two other coated measurements. Therefore, the inherent diﬀer-
ences in the surface roughness of the MEAs could have aﬀected the measurement
results. Also the MEA used for the coating of PEI had been in general use for
a relatively longer interval than the other two MEAs, and hence chances are that
it could have undergone surface modiﬁcations, over prolonged exposure to the cell
and the culture medium. Besides, no previous results could be procured, for direct
comparison of the results.
4.5 Adsorption Measurements
The diﬀerential molecular adsorption with varying concentrations of laminin was
studied along with the kinetics, using surface plasmon resonance technique, and the
outcomes of these studies are detailed in this section.
Diﬀerential Adsorption of Laminin
The changes in the SPR angle with the adsorption of 0.05 % (w/v) PEI, 20 µg/ml
and 40 µg/ml of laminin, for the wavelengths of 670 nm and 785 nm are obtained as
in the Figure 4.26. Although not radical, a signiﬁcant change in the SPR angle can be
observed between the concentrations of laminin, denoting the diﬀerential adsorption
of laminin to the sensor slide. But this change may not exactly correspond to the
binding of laminin with PEI, as will be discovered in the subsequent measurements.
The variations in the width and the depth of the resonance curves are a result of
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the diﬀerential optical adsorption within the metal and the radiation losses owing
to the surface roughness.
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Figure 4.26: The changes in the SPR angle with the addition of PEI, 20 µg/ml and
40 µg/ml of laminin for the wavelengths of 670 nm are presented in (a), and the
changes corresponding to the wavelength of 785 nm are plotted in (b).
With a further increase in the laminin concentrations to 80 µg/ml, the changes
observed in the SPR angles are recorded in Figure 4.27. No diﬀerence in the SPR
angle was observed with the addition of PEI, which signiﬁes that PEI molecules had
not adsorbed to the sensor slide. This could be attributed to the mishap during
coating, that caused PEI to settle down at the bottom of the container. However as
the experiment progressed thereafter with the addition of laminin, the SPR angle
changed signiﬁcantly, suggesting that laminin might have randomly adsorbed to the
gold surface directly, rather than interacting with the PEI molecule as intended
originally. A summary of the results for PEI and varying laminin concentrations is
provided in Table 4.5.
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Figure 4.27: The changes in the SPR angle with the addition of PEI, 80 µg/ml of
laminin for the wavelengths of 670 nm are presented in (a), and the corresponding
changes for the wavelength of 785 nm are rendered in (b).
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Table 4.5: The changes in the SPR angle with the adsorption of PEI, 20 µg/ml, 40
µg/, and 80 µg/ml of laminin.
Concentration
of Laminin
(µg/ml)
SPR Angle (degree)
Bare Gold
0.05 % PEI
Coated Surface
PEI & Laminin
Coated Surface
Laser Wavelength: 670 nm
20 43.20 43.38 43.54
40 43.20 43.50 44.10
80 43.21 43.23 44.46
Laser Wavelength: 785 nm
20 42.52 42.64 42.74
40 43.53 42.69 43.08
80 42.53 42.54 43.31
Kinetics Study
The sensor slides were exposed initially to PEI and to laminin subsequently, and the
rate of adsorption of the molecules to the slide over time was studied, as a function
of the change in the SPR angle. The observed changes in the SPR angle are provided
in the Figure 4.28 below.
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Figure 4.28: The changes in the SPR angle observed over time with the adsorption of
PEI are presented in (a), and the respective changes with the adsorption of laminin
are represented in (b).
Although most of the binding happens during the ﬁrst 60 minutes after the
injection of PEI, the curve does not ﬂatten out before PEI is rinsed with sterile
water. A similar trend is observed with laminin, suggestive of adsorption occurring
until the very end. The overshoots during injection and the ejection of the ﬂuids
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are probably due to the changes in the ﬂow, and may partly be due to diﬀerences
in the temperature. Although the solutions were warmed to a temperature of 37 ◦C
in an incubator prior to injection, losses are bound to happen while handling them
at room temperature.
The SPR angles in Figure 4.28 may not correspond with those obtained from the
adsorption measurements. This staunch divergence of the SPR angle(s) from the
previous study is due to the diﬀerences in the refractive index of the media adjoining
the sensor slide. While the adsorption measurements were carried out in air or a
low refractive index media, kinetics study was performed in the presence of PEI and
laminin solutions having relatively higher refractive indices.
However, measurements were made in air medium subsequently as presented in
Figure 4.29, where the SPR angles are in line with the earlier ﬁndings. The SPR
angles measured in air medium after the discharge of PEI, and Laminin exhibit a
relative increase when compared against that of the bare gold surface, and the PEI
coated surface respectively, which represent the adsorption of the corresponding
molecules to the surface of the sensor slide.
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Figure 4.29: The kinetics study to observe the change in the SPR angle over time
with the adsorption of PEI and laminin.
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5. CONCLUSIONS
The aim of the study was to evaluate the eﬀect of the coatings on the overall perfor-
mance of the MEAs. In addition, an attempt was also made to study the thickness,
and the surface variations of the MEA coatings.
Three diﬀerent coatings polyethyleneimine and laminin, gelatin, and MatrigelTM
were studied, and their inﬂuence on the impedance and the noise characteristics of
the MEA was evaluated. Commercial 6 well MEAs were used alongside the Stan-
dard 8 × 8 MEA for the measurements. The MEAs were coated with the surface
molecules, and the diﬀerences in the impedance magnitudes, and the RMS noise
voltages upon coating were analysed. Custom made PDMS structures were used
to limit the coating material over the MEA surface. PEI and laminin, and gelatin
did not facilitate any signiﬁcant diﬀerence in the electrode impedance or the noise.
Besides employing MatrigelTM as such, it was diluted to one tenth of its concentra-
tion, and the diﬀerences arising with the dilution were studied. Impedance changes
in both these cases were substantial, with MatrigelTM in its original concentration
eﬀecting the most change. However, irrespective of the concentration, MatrigelTM
brought about a very modest increase in the RMS noise amplitude of the electrodes.
In order to realise the repercussions in real life situations, experiments were
conducted with the neural cells. The changes in the electrode impedances and the
noise were recorded, but due to limitations in imaging the cells plated on top of
the MEAs, no conclusions could be made. The opaque titanium nitride electrodes
obscured the ﬁeld of view when pictured from the bottom, and neither the position
nor the orientation of the cell(s) atop the electrode surface could be ascertained.
The thickness of the nano-scale PEI and laminin, and gelatin coatings could not
be reliably measured using the stylus proﬁlometer, as the inherent surface variations
of the substrate aﬀected the measurements. The thickness of the MatrigelTM coating
on the other hand was sizeable to overcome these variations, and following in line
with the literature studies increased with the concentration. The coating was formed
over the uninterrupted expanse of a microscopic slide, and diﬀerences in the degree
of wetting, and spillage could have impacted the results.
Surface characterisation of the MEA surface, coated with PEI and laminin was
carried out using the AFM. The silicon nitride surface, which is relatively uniform
compared to the reference electrode, displayed an increase in roughness with the
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addition of PEI, which then subdued with the exposure to laminin. The uneven
reference electrode on the other hand exhibited an increased surface roughness with
the addition of both PEI and laminin. However, it is to be noted that the measure-
ments were made on not one, but three diﬀerent MEAs, and the intrinsic variations
in the surface roughness of the MEAs could have manipulated the outcome of the
experiment.
The diﬀerential adsorption of laminin with the concentration was estimated using
SPR, as a change in the SPR angle. Laminin was found to randomly adsorb to the
gold sensor slide rather than bind with PEI as intended. Also, kinetics study suggests
the molecular adsorption of both PEI and laminin to have taken place until their
very removal after two hours.
Further study in this regard is required, and the shortcomings of this thesis have
to be resolved, in order to obtain conclusive results. First of all, the cells need to
be imaged from top, and at a higher resolution if the changes in impedance are
to be related to the positioning of the cell(s). Micro channels, or other suitable
alternatives need to be devised for thickness measurements, so as to restrict the
coated area and to overcome the limitations endured due to the surface variations
of the substrate. Finally, surface texture analysis is to be performed with the same
reference surface in order to minimize uncertainties.
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A. APPENDIX: THICKNESS MEASUREMENTS
The variations in the thickness of the MatrigelTM coating as the measurement pro-
gressed from the periphery towards the center of the coated surface are represented
in the Figures A.1, and A.2.
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Figure A.1: The thickness of the MatrigelTM coating as acquired from the periphery
of the coated surface. About 0.5 mm from the start and the end of the trace is plain
glass surface.
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Figure A.2: The surface trace of the MatrigelTM coating obtained a few millimetres
away from the circumference, and towards the center of the coating. Approximately
0.5 mm from the start and the end of the trace is plain glass surface.
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B. APPENDIX: SURFACE ROUGHNESS
MEASUREMENTS
The three dimensional surface maps of the silicon nitride covered titanium track of
the MEA, captured with the AFM before and after coating, are shown in Figures
B.1, B.2, and B.3 below.
Figure B.1: The three dimensional surface map, over a 2 µm × 2 µm silicon nitride
covered titanium track of the uncoated MEA, as obtained from AFM.
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Figure B.2: A three dimensional surface map as acquired using AFM, over a 2 µm
× 2 µm silicon nitride covered titanium track of the MEA coated with PEI.
Figure B.3: The three dimensional surface map, over a 2 µm × 2 µm silicon nitride
covered titanium track of the MEA coated with PEI and laminin.
